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Electrochemical migration (ECM) is the growth of conductive metal filaments on a 
printed circuit board (PCB) through an electrolyte solution under a DC voltage bias. 
ECM can cause a reduction in surface insulation resistance (SIR) between adjacent 
conductors and lead to intermittent or catastrophic circuit failures. The kinetics of the 
electrochemical migration process between copper traces in deionized water was 
investigated using electrochemical impedance spectroscopy and cyclic voltammetry. 
The rate limiting step was identified to be anodic diffusion before and during dendritic 
growth. Based on this, a model was developed to describe the kinetics of 
electrochemical migration under condensed and non-condensed conditions between 
copper conductors on printed circuit boards using Nernst Planck equation and 
impedance measurement. It was found that by acquiring electro-active ion surface 
concentration at anode with the help of impedance measurement and by considering 
migration and diffusion in the bulk ion transport, the model matches the experimental 
results quantitatively. Historical models are applied to the experimental results and 
compared with the model of this study. 
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 1 
Introduction 
 
With the miniaturization, higher power and higher density trend of modern electronics 
products, the electrical bias together with the presence of moisture, can trigger an 
electrochemical phenomenon, called electrochemical migration (ECM) on printed 
circuit boards (PCBs). This phenomenon can cause a reduction in surface insulation 
resistance (SIR) between adjacent conductors, generate leakage current and lead to 
intermittent or catastrophic circuit failures.  
Chapter 1 gives a general literature review over ECM propensity of lead free solder, 
rate limiting step and cell kinetics and historical physicochemical models on ECM. 
ECM of assemblies with tin lead solder has been studied for a long time, but the 
propensity for ECM of lead free solder is still not understood well. With the transition 
from tin lead solder to lead free solder in recent years, electronic systems may incur 
more uncertain ECM risk. This necessitates the comparison between the effects of tin 
lead and lead free solder on propensity for ECM. So this issue is discussed in chapter 2. 
In addition to solder alloy, some other factors including board finishes, electrical field 
and spacings in terms of their effects to ECM are also discussed. The long term 
electrochemical behavior of lead free solder under environmental stresses manifested 
in the study has significant implications to its industrial usage conditions, so it is 
simulated with Armstrong’s 3-D nucleation models to interpret its underlying physical 
mechanisms, which sheds light on its long term electrical behavior. 
 2 
In addition to evaluation some key factors’ influence to ECM, the rate limiting step of 
ECM out of its successive steps, such as electrodissolution, ion transport, 
electrodeposition, is studied. This work can pave way for developing an accurate 
model of the time-to-failure, and helpful for devising strategies to mitigate ECM. This 
is discussed in chapter 3. 
Chapter 4 discusses a mathematical model to describe ECM based on Nernst Planck 
ion transport equations. The motivation of this work stems from the hardship of 
applicability of historical models to industry, which used macroscopic parameters or 
hardly measurable parameters to describe ECM. While the model built up in this work 
uses microscopic and measurable parameters, to directly cope with ECM. It can not 
only be used to confirm experimental results, but it also can be used to predict the time 
to failure of printed circuit boards when the dominant failure mechanism is ECM. 
Chapter 5 is the conclusive section, summarizing the evaluation of factors to affect 
ECM and the modeling of ECM. The factors include solder alloys, finishes, electrical 
fields, spacings, and flux solids. The models include an equivalent circuit model 
associated with impedance spectra used to determine rate limiting step (chapter 3) and 
an ion transport model to describe the whole ECM process (chapter 4). 
 
 
 
 
 
 3 
Chapter 1     Literature Review 
 
S. Chaikin, et al [1], investigated silver migration on printed circuit boards using 
different substrates under 96% relative humidity, 40C and 480 V DC bias and 1/4 
inch spacing. The substrates included Polystyrene, Polyethylene, Poly(viny1 chloride), 
Silicone-glass, Epoxy-glass, Teflon-glass, XXXP (paper based phenolic),  Nylon, etc. 
It was found that Nylon could grow extensive dendrites, XXXP grew heavy dendrites, 
Teflon-glass and epoxy glass grew slight dendrites, while polystyrene and 
polyethylene did not grow dendrites. It was also found that XXXP and Melamine-
glass were sensitive to temperature, with their dendritic growth becoming more severe 
with temperature from 30C to 85C, while epoxy-glass and Teflon-glass did not show 
much sensitivity to temperature.  
F. Ogburn, et al [2], investigated the structure of lead dendrites by using x-ray 
diffraction. It was found that the dendrites grown were flat, with a thickness from 15 
to 90 microns. The branching was 60° to the main stalk. The twist angle decreased 
with the increase of rate of growth. The dendrites growth direction was between <211> 
directions or <110> directions. The cross-sectioning of dendrites showed that 
dendrites had voids and channels.  
G. Marshall and P. Mocskos [3] used Nernst Planck equations and Navier-Stokes 
equations to mimic the ramification of dendritic growth. Their approach considered 
the effect of diffusion, migration and convection of ions and electrolyte, with an 
emphasis of convection of electrolyte. Their simulation showed that with the advance 
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of dendrites, two contra-vortices were generated beside the tip of dendrites and 
pinched by the branches of dendrites. The cation, anion, and potential profile with 1-D 
and 2-D analysis were also simulated.   
G. Marshall, et al [4] considered the gravity and electrical effect on the dendritic 
growth process. Their simulation showed that the density change close to cathode and 
anode before the dendritic growth can induce convections and result two vortices 
close to electrodes. The two vortices finally collide and become an overall vortex 
throughout the cell. The size of the vortices grows initially as t0.8 with time t, but 
decreases to t0.5 in the later stage. This paper confirmed experimental results from 
other researchers, but the choosing of the simulated parameters is open to questions 
since they are significantly different from typical experimental values. 
L. Hua and J. Zhang [5] investigated the corrosion propensity and electrochemical 
migration property of Zn doped lead free solder (64Sn-35Bi-1Ag). It was found that 
Zn doping accelerated the time-to-failure, which was 100 hrs compared to 240 hrs for 
non-doped 64Sn-35Bi-1Ag solder for a 3mm spacing under 80°C, 85%RH and 3V 
bias conditions. The dendrites generated by Zn doped solder contained Zn and Sn as 
the main migrated metal, while the dendrites generated by non-doped solder contained 
Sn as the main migrated metal. Zn doping also lowered the equilibrium potential 
(corrosion potential) when subject to a 3 wt% NaCl solution corrosion test and thus 
increased corrosion propensity of 64Sn-35Bi-1Ag solder. So Zn doping degrades the 
reliability of 64Sn-35Bi-1Ag in terms of ECM and corrosion. However, the reason 
why this happens was not probed.    
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L. Hua, et al [6], investigated the corrosion and ECM propensity of Zn and Ge doped 
Sn-3.0Ag-0.5Cu solder in 3.5 wt% NaCl solutions. It was found that the corrosion 
potential of Zn doped SAC solder decreased with the amount increase of Zn (0.1 wt% 
~8 wt%), while the Ge doped SAC solder incurred the minimum corrosion potential at 
a Ge proportion of 1 wt%  (0.1 wt% ~8 wt%).  Both Zn and Ge doping accelerated 
dendritic growth of SAC solder under 3V bias in 3.5 wt% NaCl solutions, with the 
major migrating metal being Sn. It was also found that the anti-oxidation capability of 
SAC solder was increased by Ge doping, but decreased by Zn doping. 
M. Moshrefi [7] used thermal cycling and bias test to investigate the reliability issues 
of Sn-3.0Ag-0.5Cu. The temperature was from -20C to 100C, with a ramp up rate of 
3C/min and a 20 min dwell. The bias was 50 V between lead frames. It was found 
white residues occurred after thermal cycling test between lead frames and at the edge 
of soldered traces. Out of the 4 SAC soldered boards from four manufactures, only 
one board did not incur white residue. Other 3 boards incur white residues at 82 to 
250 locations. Sulfur was detected in the white residue; however, the composition of 
white residue was not clarified.  
B. Liu, et al [8], used 5% NaCl fog spray to pretreat SnPb and SAC solder balls 
followed by a thermal cycling test. The temperature was from 0C to 100C, with a 
ramp up rate of 10C/min and a 10 min dwell. It was found that the pretreatment to 
SnPb solder did not affect the characteristic life compared to as-received SnPb solder, 
but the pretreatment to SAC solder did reduce the characteristic life by 43% compared 
to as-received SAC solder. 
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K. Hansen, et al [9] investigated the effect of flux residue on PCBs after wave and 
reflow soldering. It was found that a major organic acid of the flux was adipic acid, 
which did not chemically degrade until 250C, the peak temperature of wave soldering. 
Even if at this temperature, 0.5 wt% of flux residue will be left on the PCBs. At 300C, 
all the acids in the flux were gone. The local SIR measurement corresponded to the 
weight measurement with temperatures. The leakage current of flux residues at 250C 
dissolved in DI water was almost 1 order of magnitude lower than flux residue at 
170C dissolved in DI water.  
D. Minzari [10], et al, studied ECM on 10KOhm surface mount ceramic resistor 
which included Sn-Pb (2% Pb) terminals and alumina substrate using 5V and 12V 
bias and 10 ppm NaCl electrolyte. It was found that at 5V the dendrites had larger 
side branches while at 12 V the dendrites were mainly a long trunk. The dendrites 
growth process did not change current much until the dendrites touched anode the 
current increased significantly. Also there was a pH gradient increasing from anode to 
cathode after applying voltage to the cell for a few seconds. The time to failure 
(summation of incubation time and growth time) was from 18 s to 317 s with large 
scatter regardless of voltage applied. But the problem is, the sample size was only 2 
(only twice for each voltage), so little statistical significance can be drawn. Another 
finding was that dendrites are made up of an oxide shell and a metallic core through 
TEM analysis.  
L. Hua, et al [11] compared the corrosion behavior between 64Sn-35Bi-1Ag solder 
and Zn doped 64Sn-35Bi-1Ag solder using potentiodynamic polarization in 3% NaCl 
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solution.  It was found that Zn doped accelerated corrosion and lowered the corrosion 
potential. The more Zn percentage, the lower the corrosion potential. ECM test were 
also performed in 80C and 85%RH on two electrodes (3cm apart) reflowed with 
64Sn-35Bi-1Ag solder with and without Zn doping in 3V. The Zn doping reduced 
time to failure from 240 hrs to 100 hrs. 
D. Minari, et al [12] performed water drop test on surface mount resistors and 
capacitors with Sn as terminals at 5V and 12 V. The gap was around 1 mm. Chloride, 
bromide, adipic acid, and pH controlling materials (HNO3 and NaOH) were used to 
characterize the dendritic growth probability. It was found that at a relatively low 
concentration of chloride, bromide, and adipic acid, the dendrites are more likely to 
grow, but once the concentrations are above a limit (chloride 1000 ppm, bromide 250 
ppm, adipic acid 1000 ppm), there are no dendrites. There exists an optimal 
dissolution and migration kinetics to induce dendrites. Slower or faster than that, no 
dendrites grow. The reason was explained that too much dissolution of Sn ions trigger 
the formation of stannate ions at cathode, which bear negative charge and can be 
expelled by cathode, thus lowering the chance to grow dendrites. Pourbaix diagram 
and local pH change were also introduced to explain the Sn ion stability. But the 
explanation tends to constitute a hypothesis instead of a supported theory. 
S. Ho, et al [13] studied the role of barrier layer of Ni-B in the ECM. It was found that 
a thickness of 0.6 µm Ni-B (1%B) plated onto Cu can effectively suppress ECM. 
Without this layer, the SIR of Cu traces transited from 1014 Ohms to 108 ~109 Ohms 
after a 10V/85C/95%RH exposure for 7 days. With this layer, the SIR maintained 
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higher than 1014 Ohms after 10V/85C/95%RH exposure for 7 days. In addition, it was 
speculated that the control step is the reduction of cations at cathode. However, this 
was not proved by their experimental results. 
C. Gabrielli, et al [14] studied the copper dendrite growth in oxalic acid. Oxalic acid 
is a cleaning agent in post chemical mechanical polishing process. The experiments 
were conducted using disk+disk pattern and disk+bar pattern with a distance (0.3~10 
µm) and a voltage (0.4~1.2 V). It was found that at a lower oxalic acid concentration 
(10-4 mol/L), the filamentary dendrites are more likely to grow. At a higher oxalic 
concentration (10-3 mol/L), the dendrites are more compact and thick. The failure time 
increases with distance under the same voltage. In such a condition, it was concluded 
that diffusion from anode rather than migration dominated the ECM. 
O. Devos, et al [15] studied the dendritic growth in oxalic acid solution. It was found 
that during the incubation period the migration of ions from anode to cathode 
dominates the process. Two inhibitors were also tested to check their effectiveness in 
suppressing dendritic growth. One inhibitor, 3-me ́thyl-1,2,4-triazole-5-thiol was 
found very effective. The higher its concentration, the lower chance dendrites grow.  
L. Zou, et al [16] studied a few different fluxes in affecting the dendrite growth 
between Cu traces (0.2 mm gap) using electrochemical impedance spectroscopy 
(EIS). It was stated that a lower contamination level results in a ion transport 
dominance between traces, while a higher contamination level leads to a control by 
interfacial electrochemical processes, thus increasing the chances to grow dendrites at 
cathode. This statement, however, is questionable.  
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C. P. Fabian, et al [17] studied two organic materials’ role in copper electrodeposition 
using EIS. The two organic materials are activated polyacrylamide (APAM) and guar, 
a type of sugar. It was found that APAM can increase the charge transfer resistance 
and thus suppresses the kinetics, behaving as an inhibitor in the deposition. But guar 
slightly decreases the charge transfer resistance, so it does not behave as an inhibitor. 
The reason was proposed to be the more inclination of APAM to be specifically 
adsorbed in IHP layer. 
 
Modeling: 
Barton & Bockris [18] studied the Ag dendritic growth in AgNO3 electrolyte and 
built up a mathematical model. This is the first model to describe dendrite growth 
with respect to overpotential and concentration. The model predicts a constant growth 
speed under constant potential by assuming diffusion control current-potential 
kinetics. When exchange current approaches infinity, the maximum dendrite growth 
speed is proportional to square of cathode overpotential. When exchange current 
approaches zero, the maximum dendrite growth speed is proportional to cathode 
overpotential. But it does not consider the metal dissolution and migration to initiate 
dendrites, thus cannot determine the incubation time. 
Chazalviel [19] simulated the dendritic growth process. A depletion layer is shown in 
the vicinity of dendrites by the simulation of cell concentration profile using Nernst 
Planck equations for ion transport and Poisson equation for electric field. The time for 
depletion layer to form at cathode:  
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This time can be used to approximately calculate the incubation time. 
V. Fleury [20] performed an extensive study of electrochemical deposition under 
galvanostatic condition without supporting electrolyte. It was found that the dendrite 
growth speed is proportional to anion mobility and electrical field.         
                                                                
This can be used to calculate the growth time with respective to anion mobility and 
electrical field. 
J. C. Bradley [21] studied the dendrite incubation and growth process. It was assumed 
that incubation is migration controlled. The incubation time is proportional to gap 
distance and the inverse of electrical field. This model claimed growth period is more 
likely convection controlled. 
 
G. Marshall [22][23] built a comprehensive model to simulate dendrite growth 
process using Nernst-Planck equation to describe ion transport process, Poisson 
equation for electrical potential profile, Navier-Stoke equation for electrolyte velocity. 
The main focus was on convection in the dendrite growth. But it only has qualitative 
agreement with experimental results.  
DiGiacomo [24] developed a model that depicts the TTF as the ratio of circuit 
physical parameters to stress conditions (voltage, temperature, relative humidity 
(RH)). The assumption was migration controlled, same as Barton & Bockris. Its major 
2)(
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advantage was the depiction of ionic current with respect to RH, in which the 
humidity factor matched B.E.T. adsorption isotherm III. The validity of overall model 
was not experimental confirmed. 
Yang [25] studied the Ag migration process on PCBs in non-condensing conditions. 
He developed an overall regression TTF model using voltage, temperature and RH. 
The use of B.E.T. isotherm helped to determine the surface conductivity of pure 
adsorbed water with respect to temperature and humidity. This model claimed the 
TTF is proportional to inverse of voltage. However, the surface conductivity obtained 
in non-dendrite condition was used in the model as the surface conductivity under 
dendrite growth to calculate the TTF, which is open to questions. 
 
Solder ECM Propensity: 
P.  A. Kohl [26] studied the electrodeposition of Sn/Pb alloys and the effects of 
surface agents in fluoboric acid electrolyte. It was found that when current is beyond 
800 mA/cm2, smooth and semi-bright deposits can be produced. The addition of 
polymeric surfactants can suppress the dendritic growth, and the addition of lactones 
can help distribute currents uniformly. 
D. Shangguan, et al [27] stated that the propensity of Sn-Ag (96.5/3.5) solder to ECM 
is less than that of Sn-Pb-Ag (62/36/2) solder because solder with high Sn content 
tends to form a protective tin oxide layer, tin dendrites easily break, and a higher 
reflow temperature of lead-free solder leaves less flux residue. Also it was found that 
Sn-Ag (96.5/3.5) solder with Ag conductor has the least inter-diffusion distance and 
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the largest adhesion strength. So the conclusion was that Sn-Ag (96.5/3.5) solder is a 
superior solder alloy fit for solder interconnects in thick film automotive electronics 
packages when Ag conductor is used. 
T. Takemoto, et al [28] studied ECM propensity of solder alloys in distilled water 
under constant voltages. It was found that in Sn-Pb alloy systems, Pb is the major 
metal constituting the dendrites. Under a given voltage, pure lead’s time to short is 
around 100 s while pure tin’s time to short is around 1000 s.  It was also found that 
pure In, In-50Pb, In-48Sn, and Sn-1.2Al were immune to ECM.  
G. Harsanyi [29] studied the ionic contaminants’ effect on the migration behavior of 
different metals. It was found that with Cl- , the Au, Pd and Pt can form complexes 
(AuCl42- , PdCl42- , PtCl42- ) and increase their ECM propensity. While for metals such 
as Ag, Cu, Sn, and Pb, their migration were accelerated with the presence of the ionic 
contaminants, but when the contamination level increases to some medium level, a 
precipitation can occur to hinder or stop the ECM process. 
B. A. Smith, et al [30] studied the role of weak organic acids used in low solids fluxes 
in the ECM. The weak organic acids included succinic acid, glutaric acid, and adipic 
acid. IPC-B-24 board, with these three acids sprayed, was used to perform the SIR 
test at 85C/85%RH and 40C/93%RH at 50V. It was found that glutaric acid and 
adipic acid incurred dendrites, while succinic acid did not. On succinic sprayed 
boards, green copper complexes generated at lower temperature, while blue copper 
chelates generated at higher temperature. Due to the thermal effects on the flux 
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residue, it was claimed that a higher temperature at 85C might be inappropriate since 
it evaporated some of the flux residues. 
R. Manepalli, et al [31] studied the threshold voltage for Ag corrosion and ECM 
initiation on a Ag line with a gap of 0.1 mm at 85C/85%RH. The substrate was silica. 
It was found that threshold voltage is 3V for ECM to occur.  A higher voltage did not 
necessarily result in a shorter time to failure, which could not confirm DiGiacomo’s 
model well. 
W. Jud Ready, et al [32] studied the SIR behavior of IPC-B-24 boards (0.5 mm 
spacing) at 85C/85%RH/100V with a daily and hourly measurement. A variety of flux 
was used before wave and reflow soldering. The substrate was FR-4. It was found that 
SIR increased in general with intermittent drops due to dendritic growth. Also it was 
found that daily SIR measurement was not sufficient to detect dendritic growth, while 
hourly SIR measurement was able to perceive dendritic growth. Both daily and hourly 
SIR measurements were not able to detect CAF growth.  
S. Yoshihara, et al [33] studied the migration characteristics of lead free solder versus 
SnPb solder by Quartz Crystal Microbalance technique in situ. This technique is to 
measure the increase of resonant frequency due to the loss of weight at anode to 
monitor the dissolution kinetics.  It was found that lead-free solder dissolve slower 
than SnPb solder and shows better migration resistances in general.  
M. S. Moats, et al [34] studied the cupric ions’ diffusivity dependence on copper ion 
concentration, acid concentration and temperature. Copper ion concentration was 
35~70 g/L. The acid concentration was 160~250 g/L. Temperature was 40C~65C. It 
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was found that increasing the copper ion and acid (H2SO4) concentration slightly 
decreased the diffusivity. The temperature had an obvious effect on the diffusivity. 
The diffusivity decreased around 20% for each 10C temperature decrease. 
K. Mondal, et al [35] studied the removal of copper ions by electrodeposition at 45C. 
It was found that in the copper ion concentration within a 1~1.4 g/L range, the 
diffusivity of copper ions was 6.3x10-7 cm2/s to 1.5x10-6 cm2/s. Nernst Planck 
equation was used to model the process. It was found that copper ions removal speed 
was 4 times greater than the speed of nickel ion removal. Also O-Phosphoric acid was 
found to be a suitable catholyte for the removal of metal impurities. 
T. Zapryanova, et al [36] studied the electrochemical growth of single copper crystals 
on a tungsten electrode in a CuSO4 + Na2SO4 (2 mol/L)+H2SO4 (0.5mol/L) 
electrolyte at 35C. The concentration of copper ions was from 0.01 ~ 0.04 mol/L. It 
was found that the diffusivity of copper ions was 9.75x10-6 cm2/s. The charge transfer 
coefficient alpha was 0.5. Since the electrolyte was a large excess of supporting 
electrolyte, the kinetics of the system was determined by multi-step charge transfer 
and diffusion. 
A. Carey, et al [37] studied the copper ion diffusivity dependence on concentration. 
They found that at high ionic strength electrolyte, the copper ion’s diffusivity can 
deviate pretty far from the diffusivity at infinite dilution. It was found that the 
diffusivity can decrease from 8.58x10-6 cm2/s to 3.2x10-6 cm2/s when concentration 
increased from 0 to 0.2 mol/L. When concentration increased from 0.2 to 0.36 mol/L, 
the diffusivity decreased to 2.6x10-6 cm2/s. Their study also claims that other 
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unknown non-Fickian process probably existed in addition to the traditional Fickian 
diffusion process in a high ionic strength electrolyte. 
D. Q. Yu, et al [38] studied the ECM of SnPb and lead-free solder using DI water 
under 3V, 5V and 10 V voltages. The gap was 0.5 mm. It was found that in Sn-37Pb 
and Sn-36Pb-2Ag, Pb was the major migrated metal. For lead free solders such as Sn-
Ag and Sn-Ag-Cu, Sn was the major migrated metal. For Sn-8Zn-3Bi, both Sn and Zn 
migrated. A higher electrical bias resulted in a shorter failure time. The morphology 
of Pb dendrites was stick-like, Sn dendrites were gracile-like, and Zn dendrites were 
feathers-like. 
D. Q. Yu, et al [39] studied the ECM of SnPb and lead-free solder using DI water 
under 3V, 5V and 10 V voltages on FR-board with a gap of 0.3 mm. It was found that 
in Sn-37Pb and Sn-36Pb-2Ag, Pb was the major migrated metal. For Sn-3.5Ag and 
Sn-4Ag-0.5Cu solder, Cu migrated due to the poor wettability of solder paste which 
led to exposure of Cu traces to DI water.  Cu dendrites were grapes or bumps-like. 
The resistances of  Pb, Sn, Cu and Zn dendrites varied from a few KOhms to 150 
KOhms. 
S. Zhan, et al [40] studied the ECM on Conformally coated (silicone, urethane and 
acrylic) PCBs with no-clean flux under 6~42 V with a spacing of 0.16~0.64 mm. Sn-
37Pb solder was coated onto the copper traces. 40C/93%RH and 85C/85%RH 
environmental conditions were used. It was found that silicone was better than 
urethane in retarding SIR degradation, which was in turn better than acrylic. The 
trapping of fibrous contaminants below the conformal coating can build up a 
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preferential metal migration path and accelerate the ECM. It was also found that test 
at 40C/93%RH could better accelerate the test failure than 85C/85%RH, because 85C 
evaporated some amount the weak organic acids from the flux residues and 
decelerated the test failures.  
Y. Tsai, et al [41] studied the effect of complex agents on the electrochemical co-
deposition of Sn-Bi alloys using linear sweep voltammetric technique. The complex 
agents include citric acid, ethylenediaminetetraacetic acid (EDTA), and polyethylene 
glycol (PEG). It was found that a synergistic effect of these three complexes (0.4M 
citric acid, 1M EDTA, and 0.2M PEG) can lower the deposition potential of Bi to 
close to Sn. The addition of EDTA and PEG significantly suppressed the growth of 
dendrites. 
B. Noh, et al [42] studied the ECM resistances of SnPb and SAC305 solder on FR-4 
board with 0.1, 0.318 and 1.0 mm gaps under both distilled water and THB 
conditions. 6.5V and 15V DC were used for water drop test. 85C/85%RH/50V was 
used for THB condition. It was found that SAC solder had longer TTF than SnPb 
solder at all the distances and voltages. Under THB condition the SAC solder incurred 
less intermittent SIR drops than SnPb solder. So the overall conclusion was SAC 
solder had higher ECM resistances than SnPb solder under bulk water or adsorbed 
moisture electrolytes.  
C. Dominkovics, et al [43] studied the fractal dimension of lead-free and SnPb solder 
alloys coated with different finishes. They used water drop test to generate dendrites 
at 10V across 0.5 mm and 1 mm spacings on FR4 boards.  It was found that the fractal 
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dimension of Ag to be 1.82, Cu to be 1.74, Sn 1.66, and SAC387 1.58, which are 
considered as a characteristics of different metals. It was also found that the fractal 
dimension of overall solder alloy is the molar weighted mean of the original metals’ 
fractal dimensions. 
Y. H. Xia, et al [44] studied the ECM propensity of lead-free solders vs SnPb solder. 
They conducted the water drop test on Cu traces spaced from 0.15 mm~0.95 mm with 
a voltage of 3V, 5V, and 10V. The substrate was FR-4 board. The time to short for all 
the solder alloys were from 20s to 120s at 0.65 mm spacing. An increase of spacing 
from 0.15 mm to 0.95 mm increased the time to failure from 20 s to 500 s. It was also 
found that too much flux residues that covered the entire copper traces could retard 
the occurrence of ECM. This finding was quite contrary to the usual findings reported 
by other researchers. Also for Pb-bearing solder, the major migrated metal was Pb; for 
Sn-Ag-Cu solder, Sn and Cu migrated; for SnZnBi solder, only Zn migrated. This 
confirmed other researchers’ findings. 
S. Zhan, et al [45] studied the ECM of SnPb solder with no clean flux (aqueous based 
and rosin based) under THB conditions. A voltage of 6~24 V across 0.16~0.64 mm 
spacings were applied on copper traces coated with SnPb solder on FR4 board. The 
THB conditions were 40C/93%RH, 65C/95%RH and 85C/85%RH. It was found that 
rosin based flux led to a worse reliability and more SIR failures than aqueous based 
fluxes. This was because rosin based flux left 50% more organic acid residues on the 
boards, whose hygroscopic nature had helped to adsorb moisture and helped build up 
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an electrolyte. The intermittent SIR drops were explained to be due to the breaching 
and rehealing of passivation layer.   
S. Lee, et al [46] studied the ECM propensity of Sn and Pb metal on silica substrate 
with a voltage of 0.5~3V across 0.3 mm spacing in a 0.001 wt% NaCl electrolyte. It 
was found that Sn passivated but Pb did not. Under constant voltages, the current of 
Sn electrodes was a couple of order of magnitude less than that of Pb. Under the same 
voltage, the TTF of Sn was longer than the TTF of Pb by half to one order of 
magnitude. From 1 V to 3 V, the TTF of Sn was 100s~600s, while the TTF of Pb was 
20s~200s. 
J. Jung, et al [47] studied the ECM of eutectic SnPb solder in 0.001 wt% NaCl and 
Na2SO4 electrolyte with a 3V voltage across 0.3 mm spaced pad on a silica substrate. 
It was found that in NaCl solution, Pb-rich phase preferentially corroded due to a 
more stable layer of Sn oxide. In Na2SO4 solution, Sn-rich phase preferentially 
dissolved due to a more stable Pb oxide layer in it. Thermodynamically, SnO2 is more 
stable than SnO while PbO is more stable than PbO2. 
Y.  R. Yoo, et al [48] studied the ECM propensity of Sn37Pb and Sn58Bi in 0.001 wt% 
NaCl and Na2SO4 electrolyte with a 2V voltage across 0.3 mm on a Si wafer 
substrate. It was found that the resistance of ECM ranked as Sn58Bi > Sn37Pb > Sn in 
both NaCl and Na2SO4 electrolytes. The time to failure in both electrolytes did not 
differ much. For Sn37Pb solder, the migrated metal was Sn and Pb. For Sn58Bi 
solder, the migrated metal was only Sn. Anodic polarization test was also conducted 
on these solders in 0.001 wt% NaCl and Na2SO4 electrolytes. Pure Sn was easier to 
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dissolve than Sn37Pb and Sn58Bi. Also the dissolution behavior of these 3 solders did 
not show obvious differences in both electrolytes. All three solders showed 
passivation behaviors. 
L. Hua, et al [49] studied the ECM behavior of Sn-35Bi-1Ag solder doped with Zn 
under THB (80C/85%RH/1~10V) conditions with a 3cm gap. It was found that for 
undoped Sn-35Bi-1Ag solder, Sn migrated; for Zn doped Sn-35Bi-1Ag solder, both 
Sn and Zn migrated. Zinc dendrites were ZnO. Potentiodynamic polarization tests 
were also conducted to un-doped and zinc doped Sn-35Bi-1Ag solder in 3% NaCl 
electrolyte. The percentage of zinc in doped Sn-35Bi-1Ag solder was from 0.2~5 
wt%. It was found that the more zinc in the solder, the lower the corrosion potential, 
the easier for the solder to be corroded. The general conclusion was the doping of zinc 
into the Sn-35Bi-1Ag solder increased the ECM propensity. 
S. Lee, et al [50] studied the ECM propensity of Sn-Pb solder alloys using anodic 
polarization in 0.001% NaCl electrolyte and water drop test (DI water) on 0.3 mm 
spaced Sn-Pb electrodes on silica substrate. The voltage was 2V. It was found that an 
increase of Pb content from 12% to 100% increased the current by almost 1 order of 
magnitude, and decreased the time to failure from 100 s to 25 s. Also migrated Pb was 
dendrite-shaped, while migrated Sn was globular filaments. In the anodic polarization, 
Pb had lower corrosion potential than Sn. Pb did not have passivation, but Sn did have 
passivation. It was concluded that the polarization was consistent with water drop test. 
L. Mendes, et al [51] studied ECM of SAC305 with HASL and ENIG finishes by 
applying 2V or 3V across 0.1mm and 0.25 mm gaps in DI water. The substrate was 
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FR-4 board. It was found that the time to failure was from 10 s to 200 s for these two 
finishes coated solder.  Finishes did not show significant effects. The main migrated 
metal was Sn, showing as stick like dendrites. Ag and Cu did not migrate.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 21 
Chapter 2 
Evaluation of Electrochemical Migration on Printed Circuit 
Boards with Lead-Free and Tin-Lead Solder 
 
Abstract  
In order to evaluate the current leakage and electrochemical migration behavior on 
printed circuit boards with eutectic tin-lead and lead-free solder, IPC-B-24 comb 
structures were exposed to 65˚C and 88% relative humidity conditions under a DC 
bias for over 1500 hours. These boards were processed with either Sn-3.0Ag-0.5Cu 
solder or Sn-37Pb solder. In addition to solder alloy, board finish (organic 
solderability preservative versus lead-free hot air solder leveling), spacing (25 mil 
versus 12.5 mil) and voltage (40V versus 5V bias) were also assessed by using in situ 
measurements of surface insulation resistance (SIR) and energy dispersive 
spectroscopy after test. It was shown that an initial increase of SIR was caused by the 
consumption of electroactive species on the surface, intermittent drops of SIR were 
caused by dendritic growth, and a long term SIR decline was caused by 
electrodeposition of a metallic layer. The prolonged SIR decline of Sn-3.0Ag-0.5Cu 
boards was simulated by 3-D progressive and instantaneous nucleation models, whose 
predictions were compared to experimental data. Sn-37Pb boards exhibited a co-
migration of Sn, Pb and Cu, while Sn-3.0Ag-0.5Cu boards incurred a co-migration of 
Sn, Ag and Cu. Among the migrated species, Sn always dominated and was observed 
as either a layer or in polyhedral deposits, Pb was the most common element found in 
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the dendrites, Cu was a minor constituent, and Ag migrated only occasionally. 
Compared to solder alloy, board finishes played a secondary role in affecting SIR due 
to their complexation with or dissolution into the solder. The competing effect 
between electric field and spacing was also investigated.  
 
Keywords 
Electrolyte, electrochemical migration, dendrite, current leakage, surface insulation 
resistance, reliability 
 
2.1  Introduction 
The current trend of electronic products is toward high density packaging, high circuit 
speeds, and high input and output counts [52]. This requires the miniaturization of 
electronic components and the reduction of spacing on printed circuit boards (PCBs). 
The typical spacings in dual-in-line (DIL) packages 20 years ago were 2.54 mm (0.1 
inch) [53], but nowadays the spacings associated with some surface mount technology 
(SMT) circuits are between 0.1 mm and 0.25 mm (4-10 mils) [54]. This shrinkage of 
spacing between biased metallizations, together with moisture adsorption and 
contaminants on PCBs [52], can trigger an electrochemical phenomenon [55]-[59] 
called electrochemical migration (ECM), which is the growth of metallic dendritic 
structures across the gap between electrodes in the presence of moisture under a DC 
bias. If a dendritic structure bridges the gap, an electrical short can occur. At constant 
voltages, a reduction of spacing on a PCB will increase the electric field and shorten 
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the migration distance, which will decrease the time-to-failure and thus increase the 
reliability risk for electronic products.    
The occurrence of ECM requires a DC voltage, an electrolyte and metal ions. The 
electrolyte can be either adsorbed moisture films on the substrate or condensed 
droplets of water. In the case of moisture adsorption, the maximum number of 
adsorbed monolayers of water at a certain temperature cannot be infinite. For example, 
at 23ºC and 100% RH, polytetrafluoroethylene can adsorb three monolayers at most, 
quartz can adsorb a maximum of seven monolayers [60], but for α-alumina, the 
maximum number of adsorbed monolayers is around 25 [61]. On PCBs at 40ºC/93% 
RH or 85ºC/85% RH, a typical adsorbed moisture layer is many nanometers in 
thickness [62]. Due to the interaction between the substrate and the adsorbed moisture, 
the first few layers do not behave like bulk water. Only when the number of 
monolayers of adsorbed moisture is above a critical value can the successive adsorbed 
layers start to behave as bulk water [60][61]. Migrating metal ions can originate from 
metallization (copper traces), finish (such as immersion tin, silver, etc.), or solder 
(such as Sn-Pb, Sn-Ag-Cu, or similar alloy systems). 
The ECM process consists of the following sequence of steps: path formation, 
electrodissolution, ion transport, electrodeposition, and filament growth [63]. Path 
formation is the creation of a favored path—a medium consisting of an electrolyte 
layer for metal ions to migrate. Electrodissolution involves the oxidation of metals to 
generate cations at the anode. These cations tend to migrate under the influence of 
electromotive forces to the cathode (ion transport) and deposit there as neutral metal 
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(electrodeposition). As more and more neutral metals deposit on the nuclei, a 
dendritic structure may grow and propagate from cathode to anode (filament growth).  
Typical accelerated test conditions for ECM on PCBs involve the exposure of test 
specimens to elevated temperature, humidity, and voltage bias (THB) levels, which 
are intended to reduce the time-to-failure without inducing condensation [64]. The 
contributions of material and processing factors to ECM in THB conditions such as 
conformal coating, flux, conductor spacing, and voltage bias, have been reported 
previously [63].  
Over the past several years, lead free solder alloys have been widely used as a 
replacement for the traditional eutectic tin-lead solder. Although some studies have 
been published on the relative risk of ECM with selected lead-free solder alloys and 
finishes [65][66], there are few reported results from THB tests which compare tin-
lead and Sn-Ag-Cu solder alloys. This paper is intended to compare the differences in 
electrical and electrochemical behaviors of Sn-37Pb (SnPb) and Sn-3.0Ag-0.5Cu 
(SAC) soldered PCBs subjected to THB exposure. The surface insulation resistance 
(SIR) trends and the morphologies of migrated metals were analyzed. In addition to 
solder alloy, board finish, electric field and conductor spacing were also investigated 
with respect to their contributions to ECM.  
 
2.2  Design of Experiments 
An IPC-B-24 board with interleaved comb structures was chosen and modified for 
this study. Since the 16 mil and 20 mil spacings used on the IPC-B-24 board have 
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little difference in either migration distances or electric fields given the same voltage, 
12.5mil (0.32 mm) and 25mil (0.64 mm) spacings were adopted to further 
differentiate the spacing effects. 
A typical lead-free solder, SAC solder, was chosen to compare with the traditional 
eutectic SnPb solder with respect to their susceptibilities to ECM. Each was reflow 
soldered onto copper comb structures to create samples on which the migrating 
species, morphologies and metallic distributions could be compared. Prior to 
soldering, the copper traces were finished with either organic solderability 
preservative (OSP) or lead-free hot air solder leveling (HASL), in order to compare a 
relatively low-cost organic finish (OSP) with one type of inorganic finish (HASL). 
Thus the comparisons included: SnPb versus SAC solder, OSP versus HASL finishes, 
and 0.32 mm (12.5 mil) versus 0.64 mm (25 mil) conductor spacings. Figure 1 shows 
the test specimens. 
 
Figure 1: Image of a test board prior to soldering, containing comb structures 
based on an IPC-B-24 pattern, with 0.64 mm (25 mil, left) and 0.32 mm (12.5 mil, 
right) conductor spacings. 
No-clean fluxes were used in the reflow solder paste since no-clean flux is now 
widely used in the electronics industry. REL0 flux was used in the SnPb solder paste 
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and ROL0 flux was used in the SAC solder paste. Based on the notation for solder 
fluxes given in IPC-J-STD-004 [67], “RE” and “RO” designate resin and rosin, 
respectively. “L” indicates low activity and “0” means the halide content is below 
0.05% in the flux residue. 
The temperature and humidity conditions (65°C/88%RH) were selected based on the 
recommendations of IPC-TM-650 method 2.6.14.1. Since prior studies [63] showed 
that testing at higher temperatures (such as 85°C) can cause the weak organic acids in 
no-clean fluxes to be volatilized, the choice of a higher temperature could have 
adversely affected the usefulness of the test results, since field conditions typically 
involve lower temperatures. Thus 65°C was chosen as the test temperature. The test 
humidity (88%RH) is within the range of humidities (85%RH~93%RH) commonly 
used in THB tests. While the IPC standard calls for a 500 hour test duration, longer 
test times were selected for this study because the major objective was to provide 
insights that would be of general relevance to electronic products including those with 
an expected life of more than just a few years, rather than simply qualifying a 
candidate process to a minimum requirement. The actual test durations were 1653 
hours for the 40V test and 1550 hours for the 5V test. The voltage biases selected 
were 40V and 5V DC so as to cover a range of voltages that may be used in power 
lines and signal lines. The SIR failure threshold was 100 MOhms, which was 
consistent with the criteria cited in IPC J-STD-004A method 3.4.5.1 and IPC-9201. 
For each combination of experimental factors, 3 identical test comb structures were 
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tested, so in total 24 comb structures were tested at each of two voltages. Table 1 
provides an overview of the test matrix.  
Table 1 THB Test Board Characteristics and Process Factors 
Solder alloy SnPb, SAC 
Solder process Reflow 
Board finish OSP, lead-free HASL 
Conductor spacing 0.32 mm (12.5 mil), 0.64 mm (25 mil) 
Voltage bias 5V, 40V 
Flux (no clean) ROL0 for SAC, REL0 for SnPb 
Substrate FR-4 (170 °C glass transition temperature) 
Replicates 3 
Environment 65°C/88%RH (non-condensing) 
Duration 1653 hours for 40V, 1550 hours for 5V 
An SIR test system was used to detect leakage current. The SIR test system comprised 
a computer, a high resistance meter, low noise switches, a temperature-humidity 
chamber, a DC power supply, triax cabling, and the test boards. The multichannel 
high resistance meter was an Agilent 4349B with a measurement range from 103 
Ohms to 1015 Ohms. Its accuracy ranges from 2.5% to 3.1%. Agilent E5252A low 
noise switches provided the ability to multiplex 48 channels to the resistance meter, 
allowing an SIR reading to be collected once every 3.6 minutes for each comb pattern. 
A 1-megohm current limiting resistor was placed in series with each comb pattern in 
order to minimize the fusing of dendrites in the event of a drop in SIR, while still 
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providing the opportunity to observe SIR behavior over about 4 orders of magnitude 
in resistance. 
 
2.3 Results and Discussion 
The times to failure of SIR data collected during the THB tests (40V and 5V) are 
shown in Tables 2 and 3.  
Table 2: Times to Failure for Comb Structures at 65ºC/88% RH/40V 
 
2.3.1 SIR Behavior of Solder Alloy: SnPb vs. SAC 
The experimental results (Tables 2 and 3) reveal that the SnPb boards consistently 
incurred fewer failures than the SAC boards. The switch from 40V to 5V led to an 
appreciable decrease in the number of failures on the SnPb boards, while this switch 
did not greatly affect the number of failures on the SAC boards. Given the same finish 
Solder Finish Spacing  
(mil) 
Time to Failure (Hours) 
Sample 1 Sample 2 Sample 3 
SnPb OSP 25 s s s 
12.5 1313.8 0 195.7 
HASL 25 s s s 
12.5 1.4 9.4 s 
SAC OSP 25 1063.4 s 888.6 
12.5 85.6 87.3 91.3 
HASL 25 706.3 257.8 1365.9 
12.5 117.6 134.4 101.7 
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or spacing, the number of failures of the SnPb boards was always lower than that on 
the SAC boards. In addition, the times to failure of the SnPb boards had greater 
variability compared to the more narrowly distributed times to failure of SAC boards, 
when the same finish and spacing were considered. 
Table 3: Times to Failure for Comb Structures at 65ºC/88% RH/5V 
Solder Finish Spacing 
(mil) 
Time to Failure (Hours) 
Sample 1 Sample 2 Sample 3 
SnPb OSP 25 s s s 
12.5 s s s 
HASL 25 s s s 
12.5 234 s s 
SAC OSP 25 s s s 
12.5 432.1 539.8 353.9 
HASL 25 s 900 871.9 
12.5 423.6 273.3 409.6 
Note: “s” means survived. 
The SIR trends between SnPb soldered and SAC soldered samples were different, as 
shown in Figures 2 and 3. The SIR of the SnPb samples shows an increasing trend in 
the beginning of the test followed by a gradual leveling off. The SIR of the SAC 
samples, however, shows a long-term decline after increasing for an initial period of 
about 100 hours. This phenomenon occurred for all SnPb and SAC boards in both 
40V and 5V THB tests, regardless of which types of finish and spacing were used.  
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The long-term behavior of SnPb and SAC boards can be explained as follows. 
Initially after the humidity and bias were applied, the adsorbed moisture films on the 
FR-4 laminate surface combined with flux residues and ionic contaminants on the 
surface of PCBs and built up an electrolyte. Flux residue contains organic salts 
(fluxing product) and weak organic acids (remaining flux activators) such as adipic 
and glutaric acids, which are the common activators of no-clean flux. Together with 
the DC bias between electrodes, an electrochemical cell was formed.  
Analysis of SIR curves of surviving SnPb samples shows that the relationship 
between SIR, R, and time, t, follows a power law formula natR = , where a is a constant. 
Averaged r-square values, a measure of the goodness of fit, were 0.98 for 40 V SIR 
curves and 0.92 for 5 V SIR curves, indicating that the fits were good. The n values of 
40V stressed samples ranged from 0.40 to 0.67, with a mean of 0.52. The n values of 
5V stressed samples ranged from 0.43 to 0.72, with a mean of 0.61. A t-test (statistical 
hypothesis test) was conducted and it was found that there was no statistical 
difference between the means of these two groups of n values when a significance 
level of 5% was applied. Thus it is unlikely that n is voltage dependent. Taking into 
account the experimental statistical uncertainties, it is most likely that the mean value 
of n is between 0.5 and 0.6. This suggests that the SIR of the comb structure is 
approximately proportional to the square root of time, which is a typical characteristic 
of a diffusion-controlled ion transport process under a constant voltage [68][69]. 
The initial SIR increase on SnPb boards implies an initial current decay with time. 
Surface current decay on a polymer under a constant voltage has been investigated for 
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several decades. The polymers studied include epoxy resin [70][71], 
polytetrafluoroethylene [60], polyethylene [72], polypropylene [73], poly 
(hexafluoropropylene-tetrafluoroethylene) [75], etc. The relation between the current I, 
the so-called “absorption current”, and time t is described as ntI ∝ . When the polymer 
is tested in vacuum, n is close to -1, and when in air, n is between -0.6 and -0.8 
[73][74][75]. Thus the absorption current decays more slowly in air than in vacuum. 
The explanations for this absorption current decay include lateral spread of surface 
charges in vacuum [74], polymer surface polarization [76], charge injection [77], and 
electrons hopping across surface localized states [78]. The polymers mentioned above 
are cleaned polymers, but for epoxy resin, especially with ionic contaminants on the 
surface, this current decay has been attributed to a diffusion-controlled process and 
analyzed in the frequency domain [70]. Unfortunately, the origin of charge carriers 
has not been exactly specified. The charge carriers can be electrons [78], most likely 
in vacuum, but in air when moisture adsorption takes place it is generally accepted 
that the charge carriers bear an ionic nature [70] [71] [72] [73] [77].  
Since surface conductivity of a polymer exposed to water vapor is always several 
orders of magnitude higher than that in a vacuum, most likely the charge carriers with 
moisture adsorption present are ions. So the resistance-time transient response to a 
constant bias U based on ion transport in a cell is 
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where A is the cross-sectional area of the electrolyte, iTotal is the total current density, 
zi is the charge number, F is the Faraday constant, cib is the initial bulk concentration 
of a specific type of electroactive ion, a is a constant set by the system, D is the 
diffusivity, and t is time. A detailed derivation of Equation 1 is given in the appendix. 
     
 Figure 2: 40V SIR of 3 comb structures on a SnPb soldered board with HASL 
finish and 25mil spacing.  
     
Figure 3: 5V SIR of 3 comb structures on a SAC soldered board with OSP finish 
and 12.5-mil spacing. 
 33 
From Equation 1 we can see that 5.0tR∝ since z, F, a, D, A, and bic are all constants, 
because the types and initial amounts of the electroactive species such as ionic 
contaminants were fixed after the start of the THB test. So in the initial period of time, 
such as the first 600 hundred hours in Figure 2, the flux residues and ionic 
contaminants present on the surface of the board migrated toward the electrodes, 
where they were oxidized or reduced and thus consumed. Since their initial amounts 
on the surface were limited and fixed, their consumption on the surfaces of the 
electrodes created a depletion region in the vicinity of the electrodes, thus expanding 
the diffusion layer thickness into the bulk electrolyte with time. As more and more 
residues or contaminants were consumed, their concentrations in the vicinity of the 
electrodes decreased further, and ionic migration (see Appendix) proportional to 
concentration decreased more and more.  Ionic diffusion finally dominated the ion 
transport process on the board surface. This is true if no significant amount of metals 
dissolve, since the dissolution of metal can introduce new electroactive ions into the 
system and perturb the composition of the ionic flux, thus significantly changing the 
current density. On most of the survived SnPb soldered boards, little dendritic growth 
occurred, thus corroborating the assumption that existing flux residues and 
contaminants were the only available electroactive species in the cell.         
In contrast, the SAC board did not grow dendrites, but exhibited the deposition of 
layers, as shown in Figures 4 and 5. In the figures, energy dispersive spectroscopy 
(EDS) maps show that migrated Sn has formed a continuous layer spreading across 
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the gap. This indicates that electrocrystallization into a layer or film-like deposit 
rather than dendrites, corresponding to a nucleation and growth model, occurred.  
The current-time transients of electrocrystallization in an electrochemical cell under a 
constant voltage have been investigated previously [79][80][81]. Armstrong (1966) 
[79] introduced a three dimensional nucleation and growth model using lattice 
incorporation and described the current-time transient to a constant DC bias (as in a 
potentiostat) in growing deposits of layers. For progressive 3D nucleation, where 
nucleation and growth of the lattice occur at the same time, the current density is 
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For instantaneous 3D nucleation, where nucleation stops and growth of the lattice 
continues on the initially grown nucleation centers, the resistance is 
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where k1 and k2 are the growth rate constants perpendicular and parallel to the 
substrate, respectively. M is the molecular weight, γ is the nucleation rate constant, N0 
is the saturation density of nuclei centers, ρd  is the deposit density, U is the bias, t is 
time, and A is the cross-sectional area for the electrolyte.  
Equations 2 and 3 indicate that R decreases with time and finally reaches a plateau. 
The final plateau is determined by k1, the perpendicular growth rate, since the 
exponential terms related to k2 and t decay with time. This suggests that as more and 
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more layers of deposits form at the cathode, the deposition front advances toward the 
anode, so the current density increases with time and the resistance decreases but 
eventually approaches a steady state set by k1, the perpendicular growth rate. A 
simulation of the resistance-time transient based on Equations 2 and 3 can be made by 
assuming appropriate nucleation and growth rate constants for tin ions, as shown in 
Figure 6. The curves in the figure were obtained under the assumptions that the 
electroactive species is Sn2+, k22γ= 3×10-22 mol2 nuclei cm-5 s-3, k22N0= 3×10-17 mol2 
nuclei cm-5 s-3, k1= 2.2×10-7 mol cm-2 s-1, and voltage bias U=5 V. The adsorbed water 
layer is assumed to have a thickness of 100 nm [62] and a length of 12 mm (the length 
of the fingers of the comb structures), so the cross sectional area is A=1.2×10-5 cm2. 
Note that after 100 hours, the simulated SIR curves show a long term decline, 
matching the experimental data. Although it is hard to determine which type of 
nucleation (progressive or instantaneous) occurred on the SAC board, these two 
nucleation and growth models show similar SIR trends and most likely, both types of 
nucleation occurred. Both the degree of matching between the SIR and the model, and 
the correspondence of the morphology to the model, lead to the conclusion that the 
SAC board experienced metal migration and deposition on the cathode as layers 
rather than dendrites, which generated a long term SIR decline.  
The differences in SIR behavior between SnPb and SAC boards may be caused by 
flux chemistry and their long-term compatibilities with solder. Both the SnPb and 
SAC boards contained a significant amount of flux residues before the THB tests, and 
flux residues spanned the gap in some places on both types of boards. The flux 
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residues on the surface are designed to either react with water vapor or oxygen, or 
react at electrodes through redox reactions so that the ionic constituents of the cell are 
depleted with time and thus the SIR increases to a relatively high steady value, a sign 
of SIR recovery. The degradation of flux residue caused by reactions between water 
vapor and flux or fluxing product is a diffusion controlled process [82] characterized 
by the diffusion of water through the outer layer of degraded flux residue to react with 
the inner material. Thus the liberation of electroactive species may also be diffusion 
controlled, since free ions have to diffuse from inside through the outer layer of 
degraded flux residue to become electroactive. Either the release of electroactive 
species from the degraded flux residue or the consumption of electroactive species at 
electrodes can place the circuit under diffusion control. This is why the surviving 
SnPb boards without significant metal migration showed an initial diffusion 
controlled SIR behavior. If for some reason, the flux residue on the surface is not 
compatible with the solder in the long run, SAC solder in this case, it may complex 
with the solder and trigger the electrochemical migration of metal ions, whose 
deposition as layers rather than dendrites can give rise to a long term SIR decline. 
This suggests that a flux which passes standard tests (for example, 168 hours at 
85°C/85%RH, 96 hours at 35°C/85%RH, or 96 hours at 65°C/85%RH, all under bias) 
may not necessarily pass a THB test of more than 500 or 1000 hours. 
 
 
Sn 
Ag 
Cu 
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Dendritic growth was responsible for most of the SIR failures of the SnPb boards. The 
dendritic growth bridging the gaps between electrodes (Figures 8 and 9) was always 
accompanied by intermittent SIR drops, as shown in Figure 7. During dendritic 
growth, dendrites can break due to fusing [83] or mechanical stress [84], but rapid 
regrowth can occur [84]. This breaking and regrowth may cause the SIR to oscillate in 
a cyclic fashion and thus show intermittent drops. This is consistent with previous 
reports [62][85] on this phenomenon. 
 
2.3.2 Morphology of Migration: SnPb vs. SAC 
The morphology of electrodeposits at the cathode is affected by various factors such 
as the overpotential (the potential difference between the potential applied to the 
electrode and the potential of the electrode at equilibrium) of the cathode, current 
density, adhesion of nuclei to electrodes, electrolyte viscosity, and temperature. When 
the overpotential is small, a spongy or porous deposit can occur. When the 
overpotential is increased, the nucleation rate is increased, and a polycrystalline layer 
structure results. If the overpotential or the current density is larger than the critical 
values, a dendritic structure can be provoked to grow [86].   
As shown in Figures 4 and 5, diffuse layer deposits formed on the failed SAC boards. 
Among the migrated species, Sn always dominated, Cu concentration was always less 
than Sn, and Ag was present in only small quantities and only occasionally. On failed 
SnPb boards, typical dendrites occurred in the 40V THB tests (Figures 8 and 9), and 
polyhedral or layer-like deposits emerged in the 5V testing (Figure 10). Migrated Sn, 
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Pb, and Cu co-existed in either dendrites or polyhedral deposits. In dendrites Pb 
dominated, while in the polyhedral deposits Sn dominated. Taking into account both 
dendrites and polyhedral deposits, Sn was still the predominant migrated species 
under most cases, Pb was less prevalent than Sn, and Cu was present in small 
proportions.  
Apparently, a co-migration of Sn, Pb, and Cu on the SnPb board and Sn, Cu, and Ag 
on the SAC board occurred. Since typical cathodic overpotentials for electro-
deposition of these metals are less than 1 V [87][88][89], 5 V and 40 V are high in an 
electro-deposition sense. Assuming that the deposits were a mixture of metals in their 
pure states rather than solid solutions or chemical compounds, a 5V or 40V bias 
provided enough margin to accommodate the required cathodic overpotential for 
deposition of these metals, although the voltage drop across the surface-adsorbed film 
electrolyte can be significant [62]. That is why all these metals co-migrated. The 
reason why Pb was predominant in the dendrites may be due to the higher solubility 
of Pb2+ than Sn2+ by almost 3 orders of magnitude [90], making it easier for the flux 
of Pb2+ to exceed the critical current density to trigger dendritic growth. The 
dominance of Sn in the overall migrated species may be due to its larger proportion in 
eutectic SnPb solder or SAC solder, though it had to deposit as layer structures due to 
the low solubility of Sn2+. The reason for the occurrence of dendrites on the SnPb 
board in the 40 V tests was that the chance for cathodic overpotentials in the 40V test 
to exceed the critical cathodic overpotential needed to trigger dendritic growth was 
much higher than in the 5V test.   
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                        BSE                                                                   Sn 
Figure 4: An EDS line scan of materials existing in the gap on SAC-soldered 
board with OSP finish and 25 mil spacing after 40V THB test.  The left graph is 
the original back scattered electron (BSE) image, and the right graph is the Sn 
distribution along the line scan from the top to the bottom. 
      
               BSE                  Sn 
       Figure 5: An EDS map of a 12.5 mil sample on the SAC-soldered board with 
HASL finish after a 5V THB test. The left graph is the original BSE image, and 
the right graph is the Sn distribution spanning the gap as a layer deposit. 
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Figure 6: A simulation of resistance with time based on Equations 2 and 3. The 
two simulated curves, for 3-D progressive and instantaneous nucleation, are 
shown together with the experimental curves from Figure 3. 
 
2.3.3 Effect of Board Finish: OSP vs. HASL 
Finishes are used to retard the oxidation of bare copper on PCBs and maintain the 
solderability of metal surfaces.  OSP is an organic layer evenly deposited onto 
exposed copper metallizations. The coating of OSP, made from benzimidazole, can be 
200~500 nm thick and more durable than the previous benzotriazole version [91]. 
HASL involves passing boards over molten solder and blowing off excess molten 
solder by a hot air knife, thus leaving a thin solder layer over the exposed copper 
metallization. The thickness of the HASL layer can be up to several hundred 
micrometers with large variations [92]. But OSP is more prone to physical damage 
during PCB handling, and it can partially dissolve in solvents including water [91].  
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Figure 7: 40V SIR of 3 comb structures on a SnPb soldered board with OSP 
finish and 12.5 mil spacing. 
In the present study, OSP and HASL finishes did not show noticeable differences in 
their effect on SIR. This can be concluded from statistical analysis such as the 
Weibull analysis in Figure 11 showing substantial overlap of the 90% confidence 
intervals. All boards using the same solder always showed similar SIR trends, 
regardless of whether OSP or HASL was used. One particular phenomenon was that 
OSP-finished SAC boards generated green residues, though their SIR trends were still 
similar to HASL-finished SAC boards.  
Green residues may result from the reaction between remaining OSP and fluxing 
products. Benzimidazole, with a melting temperature of 170ºC-172ºC [93], may not 
completely evaporate during the reflow process. A green copper complex can form 
from the reaction between benzimidazole HL ligand and copper sulphate at 60ºC [94]. 
So it is possible that the remaining OSP reacted with fluxing products (copper organic 
salts) and formed green residues during THB testing (65ºC, 88%RH). The similar SIR 
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trends with and without green residues suggest that green residues are non-detrimental 
to SIR and have high resistances, thus confirming the findings of Tellefsen [95]. 
HASL finish can dissolve into solder during the soldering process, and therefore plays 
a secondary role in affecting ECM compared to solder. Thus neither finish contributed 
measurably to the SIR result.  
 
2.3.4 Effect of Electric Field and Spacing 
Electric field acts as the driving force for ion migration. This driving force together 
with the relaxation effect and electrophoresis effect determines the migration velocity 
of ions. The relaxation effect is the overall backward drag from an ion’s ionic cloud 
when the ion moves forward, while electrophoresis stems from the collision between 
ions’ hydration sheaths when they move [69]. Therefore, a higher ion migration speed 
results from a higher electric field, a higher ionic mobility, a lower electrolyte 
viscosity, and a smaller ionic radius (including the sheath of the ion). The spacing 
determines the travel distance for ions to reach the cathode and thus affects the 
migration time. A smaller spacing also increases the probability for flux residues or 
surface contaminants to bridge the gap between electrodes, allowing moisture to 
adsorb and form a continuous electrolyte medium (the ECM step of path formation).  
Table 4 shows the times-to-failure of different boards with respect to four electric 
fields. At each value of electric field, four types of boards with the same spacing were 
combined into one group and the characteristic life of this group was calculated based 
on Weibull statistics. By doing so, four representative points were generated and 
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plotted in Figure 12. One can observe that given the same spacing, a larger electric 
field led to a shorter characteristic life. The combination of a larger spacing and a 
smaller electric field resulted in the longest characteristic life. But a larger spacing 
under a higher electric field (point 2) still led to a longer characteristic life than did a 
smaller spacing under a lower electric field (point 3). This comparison not only 
suggests that spacing itself is an independent factor affecting ECM, which is 
consistent with the findings of Zhan, et al. [63], but it also means that a larger spacing 
can overcome the disadvantageous effect induced by a larger field and still lengthen 
the characteristic life under some conditions. A further analysis that shows the strong 
effect of spacing is given in Figure 13, which shows that a larger spacing can lengthen 
the characteristic life independently of electric field.  
 
Figure 8: A dendrite spanning the gap on a SnPb-soldered board with OSP finish 
and 12.5 mil spacing after a 40V THB test. 
_ 
+ 
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Table 4 Times to Failure (Hours) of SIR According to Electric Field and Board 
                 (5V, 25mil) 
0.2 V/mil 
(5V, 12.5mil) 
0.4 V/mil 
(40V, 25mil) 
1.6 V/mil 
(40V, 12.5mil) 
3.2 V/mil 
SnPb_OSP s/s/s s/s/s s/s/s 1313.8/0/195.7 
SnPb_HASL s/s/s 234/s/s s/s/s 1.4/9.4/s 
SAC_OSP s/s/s 432.1/539.8/353.9 1063.4/s/888.6 85.6/87.3/91.3 
SAC_HASL s/900/871.9 423.6/273.3/409.6 706.3/257.8/1365.9 117.6/134.4/101.7 
Note: “s” means it survived the test. 
 
2.3.5 Main Effects and Interaction Effects 
The main effects and interaction effects of this 24 (4 factors, 2 levels) full factorial 
experimental design were extracted using analysis of variance (ANOVA). It was 
found that greater insight into SIR response could be obtained by replacing voltage 
bias with electric field as a factor in the analysis. Based on the times to failure in 
Table 4 and assuming the failure times for the survived samples are just the 
termination times for the THB tests, the main effects plot and interaction plot were 
generated, as shown in Figures 14 and 15. It can be observed that solder alloy and 
spacing are the two dominant factors since the lines connecting their data points have 
steep slopes, showing larger variations from the grand mean (1000 hours in this case). 
The electric field also shows significant influence on the SIR response. It has a similar 
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pattern as Figure 12. The finish, however, does not show much influence and plays an 
insignificant role.  
 
                       
BSE                 Sn   
   
Pb               Cu 
Figure 9: A dendrite spanning the gap on a SnPb-soldered board with OSP finish 
and 12.5 mil spacing after a 40V THB test. 
_ 
+ 
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In an interaction plot, the more parallel the lines, the less interaction between the 
factors. The interactions between any two of these four factors, however, are not 
pronounced since their lines are all more or less parallel to each other, as shown in 
Figure 15. The interaction between the electric field and spacing can not be 
determined from the plot due to the lack of a complete set of electric fields with one 
spacing, or vice versa, but their competition is discussed in the next section. 
 
2.3.6 Risk Index Discussion 
The observation of metal migration by itself represents a risk factor for electronic 
products. One way to evaluate the combined effect of metal migration and SIR 
degradation is to assess the metal migration and SIR with numerical values and 
combine them to form a risk index. The criteria are given in Table 5. The final index 
is the sum of the risk indices of metal migration and SIR. The SIR index is the sum of 
the indices of the initial SIR right after temperature and humidity exposure, the SIR at 
1000 hours, and the final SIR of the THB test with 20%, 30%, and 50% weights 
associated with them, respectively.   
The differences among solder alloys, finishes, and spacings with respect to their risk 
indexes are compared using statistical tools including fitting of distributions, means of 
samples, and confidence intervals. The smaller the risk index, the lower the risk 
associated with ECM and SIR, and the higher the reliability. From Figures 16 and 17, 
it can be observed that SnPb solder has a large percentage of samples with risk indices 
close to zero, with its best fit being an exponential distribution. The risk index data for 
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the SAC solder is more scattered and its best fit is a Weibull distribution. The risk 
index for SnPb has a significantly smaller mean than that for SAC. OSP and HASL 
finishes show similar influence since they belong to the same best fit-exponential 
distribution and have similar means and confidence intervals, as shown in Figure 18.  
 
BSE       Sn 
 
Pb        Cu 
Figure 10: Migrated metal in the shape of bumps or polyhedra on SnPb-soldered 
board with HASL finish and 12.5 mil spacing after 5V THB test.  
_ 
+ 
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The intervals of the risk index are plotted in Figure 19 against an ascending series of 
electric fields, with an indication of their associated spacings. It can be observed that 
given the same spacing, an increase in electric field increases the mean of the risk 
index, though this increase for 12.5 mil samples is more appreciable than for 25 mil 
samples. Focusing on a comparison between groups II (0.4V/mil, 12.5 mil) and III 
(1.6 V/mil, 25 mil), it may be expected that an increase of electric field by 4 times 
would increase the risk index. However the mean of the risk index actually decreases. 
This suggests that the doubling of the spacing suppressed the increased risk resulting 
from the increase of the electric field by 4 times. The risk index decreased from 3.60 
to 1.47, which implies a stronger and independent influence of spacings on risk, 
pointing to the importance of the path formation step in the ECM process.  
A further exploration can be performed to clarify which factor—spacing or electric 
field—is more influential in determining the risk index, as shown in Figure 19. Let 
asterisk “A” represent an imaginary group of 25 mil samples with a 0.4 V/mil field. 
So a transition from III →  can be viewed as IIAI →→ . The increase of risk index 
from group I (25 mil, 0.2 V/mil) to group III (25 mil, 1.6 V/mil) is 28%, so the 
transition from I to A (double the field) cannot increase the risk index by more than 
28%. The transition from I to II (double the field and half the spacing) increased the 
mean of the risk index by 213%, thus suggesting that the transition from A to II (half 
the spacing) has potentially increased the risk index by 185%. Thus under a relatively 
low electric field (less than 0.4 V/mil), a change of spacing by 2 times has a more 
significant effect on the risk index than a change of electric field by 2 times. 
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..  
               Figure 11: Weibull plot comparing SAC soldered samples with OSP 
(dashed lines) and HASL finishes (solid lines) from 5V THB test with 90% 
confidence intervals (CI). 
 
Figure 12: Characteristic lives of four groups: 1 (0.2V/mil, 25mil), 2 (1.6V/mil, 
25mil), 3 (0.4V/mil, 12.5mil) and 4 (3.2V/mil, 12.5mil). The dashed and solid 
curves are for illustration purposes only. 
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Similarly, let “B” represent an imaginary group of 12.5 mil samples with a 1.6 V/mil 
field. So a transition from IIIIV →  can be viewed as IIIBIV →→ . The transition from 
IV to B (half the field) decreases the risk index by no more than 44%, which is the 
decrease of risk index from group IV to II (reduction of the field to one eighth of the 
original value). But the decrease of risk index from group IV to III (half the field and 
double the spacing) is 76%, so a change from B to III (double the spacing) can 
decrease the risk index by more than 32%. This implies that under a relatively high 
field (higher than 1.6 V/mil), a change of spacing by 2 times is comparable to a 
change of electric field by 2 times in its effect on the risk index.  
 
Together with the comparison between groups II and III discussed previously, it may 
be concluded that when the electric field is less than 1.6 V/mil, spacing dominates the 
risk index, but when the electric field is larger than 1.6 V/mil, the electric field and 
spacing exert similar influence on the risk index.  
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Figure 13: Comparison between all 25 mil samples (dashed lines) and 12.5 mil 
samples (solid lines) from 40V and 5V THB tests with 90% CIs.  
Table 5 Risk Index Criteria According to Metal Migration and SIR Degradation 
Dendritic Growth (More than 
20% of Conductor Spacing) or 
Migrated Metal Spanning the 
Gap 
Risk 
Index of 
Metal 
Migration 
SIR 
Degradation 
Risk 
Index of 
SIR 
None 0 >108 Ohms 0 
Less than two places  1 or 2 >107 Ohms 1 
Few or some places 3 or 4 >106 Ohms 2 
Many places 5 or 6 =106 Ohms 4 
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Figure 14: Main effects plot for times to failure based on Table 4. 
 
 
Figure 15: Interaction plot for times to failure based on Table 4. 
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Figure 16: Histogram of SnPb risk index based on the best fit-exponential 
distribution, with a mean of 1.98, sample size of 24, and a 95% CI of (1.33, 2.96). 
 
 
Figure 17: Histogram of SAC risk index based on the best fit-Weibull 
distribution, with a mean of 4.15, sample size of 24, and a 95% CI of (3.15, 5.47). 
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Figure 18: Histogram of OSP and HASL risk index based on the best fit-
exponential distribution for both. OSP has a mean of 3.05 and a 95% confidence 
interval of (2.04, 4.55), and HASL has a mean of 3.07 and a 95% confidence 
interval of (2.06, 4.58). Sample sizes are both 24. 
 
Figure 19: Interval plot (95%) of risk index of 4 combinations of electric fields 
and their spacings. Group I- 0.2V/mil_25 mil samples have a mean of 1.15, and a 
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95% confidence interval of (0.99, 1.35); group II-0.4V/mil_12.5 mil samples have 
a mean of 3.60, and a 95% confidence interval of (2.16, 5.04); group III-1.6 
V/mil_25 mil samples have a mean of 1.47, and a 95% confidence interval of 
(1.23, 1.91); group IV-3.2V/mil_12.5 mil samples have a mean of 6.41, and a 95% 
confidence interval of (4.85, 7.96). The means and confidence intervals come 
from their best fit distributions. Asterisk A and B are imaginary points to 
represent 0.4V/mil_25 mil samples and 1.6V/mil_12.5 mil samples, respectively. 
 
2.4  Conclusions 
IPC-B-24 comb patterns have been tested under THB conditions to evaluate the 
propensity of eutectic SnPb and lead free SAC solder to undergo ECM, and to assess 
the effects of board finish, electric field and spacing. A clear relationship between the 
electrochemical behavior and electrical behavior of different solders was established. 
The dendritic growth on the surface led to intermittent SIR drops, metal layer 
deposition resulted in a long term SIR decline, and the consumption of electroactive 
species generated the initial SIR increase right after humidity exposure, a 
characteristic of a diffusion-controlled cell. A model based on 3-D progressive and 
instantaneous nucleation was used to simulate the long term SIR decline and it 
matched the experimental data. The similarities between the simulation and 
experimental data indicate that both types of nucleation had occurred. 
This study shows that SAC solder can exhibit failures under THB conditions if there 
is a long-term incompatibility between the fluxes and solder systems. The failure 
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mechanism for the SAC boards, the deposition of metallic layers, was different from 
the dendritic growth often encountered on SnPb boards. The long-term deposition of 
metallic layers on the SAC boards necessitates the careful selection and evaluation of 
flux and solder systems to ensure their long-term compatibilities.  The SIR results 
obtained with SAC solder demonstrate that THB tests of 500 hours or longer may be 
required to uncover reliability risks. SIR may exhibit a rising trend in the first 100-
200 hours and give the impression of stabilization, whereas additional testing may 
reveal problems that could threaten the reliability of electronic products which have 
long expected lifetimes. 
A co-migration and co-deposition of Sn, Pb, and Cu on the SnPb board and Sn, Cu, 
and Ag on the SAC board was observed. The co-deposition of these metals was due to 
their low deposition potentials, which were in the milli-volt range, compared to the 5 
V or 40 V applied bias. Although it has been argued by some researchers that Ag 
cannot migrate at room temperature due to its formation of intermetallic compounds, 
a small amount of Ag migration was observed in some samples in this study on SAC 
boards. Among the migrated species, Sn was predominant and manifested itself as 
layer deposits, Pb was predominant in the dendrites, while only a small proportion of 
the migrated metal was Cu. The occurrence of dendrites on SnPb boards tested at 40 
V rather than at 5 V was attributed to the larger chance for the cathodic overpotential 
to exceed the critical cathodic overpotential and trigger dendritic growth under 
conditions of higher electrical stress.  
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The occurrence of ECM was influenced less by surface finish than it was by solder 
alloy.  In the case of OSP this was attributed to the complexation of OSP during THB 
testing, which resulted in a non-detrimental green residue.  In the case of HASL, the 
soldering process caused the HASL finish to dissolve into the solder, resulting in 
a final composition that was not sufficiently different from the nominal solder alloy 
composition to change its propensity for ECM compared to the OSP samples.  
There was interaction between electric field and conductor spacing with respect to 
ECM. Within a spacing range from 12.5 mil (0.32 mm) to 25 mil (0.64 mm), when 
the electric field was relatively low (less than 1.6 V/mil), spacing was a stronger 
factor than electric field in affecting ECM. When the electric field was relatively high 
(larger than 1.6 V/mil), electric field had comparable influence with spacing on ECM. 
With the current trend in the electronics industry towards miniaturization, higher 
density products would be expected to have greater risk of ECM overall, and to 
exhibit greater sensitivity to spacing than electric field. ECM’s larger sensitivity to 
spacing implies that only lessening the electric field may not be sufficient to mitigate 
risk, and additional measures are needed to effectively suppress ECM.  
  
Appendix for Chapter 2 
Since Fickian diffusion is a special case of a general ion transport process, a series of 
ion transport equations can be introduced to give a general context in order to clarify 
the preconditions required for Fickian diffusion. This theoretical framework for ion 
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transport is given by the Nernst-Planck equation [68], which has broad applications in 
electrochemistry. The ionic flux 
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where J is the ionic flux, D is the diffusivity, c is the concentration, µ is the mobility 
of a specific type of ions, F is Faraday’s constant, V is the hydrodynamic speed 
relative to the frame of physical test setup, and z is the charge number of an ion. Here 
V is zero since the electrolyte is not stirred and static electrodes are used. When the 
bias is high (40V or 5V), c can be very small in the vicinity of the cathode and 
practically zero on the surface of the electrode [68]. Thus Equation (A1) reduces to  
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with a boundary condition of  
                                            bcxc 11 )0,( =             (initial bulk concentration at t=0) 
and                                                         
                   bctxc 11 ),( =∞→     (bulk concentration beyond the diffusion layer 
thickness). 
 
Equation (A3) can be solved by the Laplace transformation. Its final solution is 
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where a is a constant related to the voltage step. So the electric current density is 
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If c1, c2, …ck, ck+1,…cn exist in the electrolyte, c1, c2, …ck are all the electro-active 
species, and ck+1, ck+2, …cn are all the electro-inactive species, then the 
electroneutrality assumption results in 
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Since Equation (A4) can also apply to other electro-active species (not only c1), the 
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where U is the voltage bias across the electrodes, and A is the cross-sectional area of 
the electrolyte. 
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Chapter 3 
Electrochemical Impedance Spectroscopy Analysis of Metal 
Migration Kinetics on Printed Circuit Boards in Deionized 
Water  
 
Abstract 
The kinetics of electrochemical migration following the potentiostatic charging of 
copper electrodes on printed circuit boards in deionized water was investigated using 
electrochemical impedance spectroscopy and cyclic voltammetry. Using a Ag/AgCl 
reference electrode, the kinetics of Cu dendritic growth on the cathode and copper 
dissolution on the anode was separately studied. The diffusion resistance and the 
charge transfer resistance at the anode and the cathode before and after dendritic 
growth were determined by applying an equivalent electrical circuit to the 
electrochemical impedance spectroscopy data. The rate limiting step of 
electrochemical migration was identified as the diffusion at the anode.  
 
3.1 Introduction 
With the miniaturization of electronic products, there is a greater risk that the 
electrical bias across metal traces on printed circuit boards (PCBs) will trigger 
electrochemical migration (ECM) and result in a short circuit. ECM is defined as the 
growth of conductive metallic structures on a PCB through an electrolyte solution 
under a DC voltage bias [64]. The humidity and impurities in air can produce an 
electrolyte between metal traces, resulting in metal corrosion and deposition under a 
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DC voltage bias. The steps in ECM include path formation, electrodissolution, ion 
transport, electrodeposition, and filament growth [63]. Path formation is the formation 
of an electrolyte between two electrodes. Electrodissolution is the oxidation of metals 
to generate cations at the anode. These metal cations can migrate under the 
electromotive forces to the cathode (ion transport) and deposit at the cathode as 
neutral metal. As more and more neutral metal deposits on the nuclei 
(electrodeposition), dendritic structures may grow from the cathode toward the anode 
(filament growth). Dendritic growth reduces the surface insulation resistance (SIR) 
between adjacent metal traces, leading to current leakage and intermittent or 
irreversible circuit failures of PCBs.  
The electrodeposition and electrodissolution of metals, and models describing both, 
have been investigated in prior studies [70]-[107]. However, these publications are 
limited to the investigation of either electrodeposition or electrodissolution and use an 
inert metal as a counter electrode; therefore, the results may not be applicable to a 
practical case when the same metal is conjugately used as both the anode and the 
cathode on a PCB. Although the electrochemical reaction kinetics of a conjugate cell 
was investigated by Sun et al. [108], the kinetics of electrodeposition on the cathode 
and electrodissolution on the anode metal could not be separated from the overall 
ECM due to the lack of a reference electrode, and thus the rate limiting step could not 
be determined. Identification of the dominant factors and the rate limiting step in 
ECM is essential for developing an accurate model of the kinetics of dendritic growth 
and is helpful for devising strategies to mitigate ECM.  
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Electrochemical impedance spectroscopy (EIS) investigates the kinetics of 
electrochemical oxidation and deposition of metals because it separates the electrolyte 
resistance, charge transfer resistance, and diffusion resistance based on their 
frequency dependencies. EIS sweeps an AC signal (voltage or current) over a wide 
range of frequencies and measures the responses (current or voltage) of an 
electrochemical system [62]. The impedances of an electrochemical system can be 
obtained by fitting EIS data to a physicochemical model [101][110] or an equivalent 
electrical circuit [70][107][62].  
In this study, the kinetics of dendritic growth on a cathode copper trace and copper 
dissolution on an anode copper trace was independently investigated using EIS. The 
rate limiting step for ECM on PCBs under an electrical bias across metal traces was 
obtained.  
                                                                    
3.2 Experimental Setup and Procedure 
Comb structures from standard IPC-B-25 test boards were used to study the kinetics 
of dendrite growth and dissolution of Cu. The gap between adjacent traces was 0.635 
mm (25 mil). In order to control the growth between one pair of electrodes and 
facilitate optical observation, one pair of electrodes was isolated by severing the rest 
of the electrodes, as shown in Figure 1. This was conducted so that dendrites could 
only grow within one gap. The copper traces were covered by an organic solderability 
preservative (OSP) coating made of benzimidazole (200 nm thickness), which 
prevents Cu from oxidation. An Ag/AgCl micro-reference electrode was located close 
to the electrodes to monitor the cathode and anode potentials during electrochemical 
tests, as shown in Figure 1. An illustration of the ECM is shown in Figure 2.  
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Figure 1: Comb structures of IPC-B-25 test boards and Ag/AgCl micro-reference 
electrode. 
 
Deionized (DI) water with a resistivity greater than 18.2 MOhms‧cm was used as the 
electrolyte. The DI water was exposed to room ambient conditions. The use of DI 
water can create a direct migration path for ECM and avoid the time-consuming path 
formation step when the comb is under a humidity environment and adsorbed 
moisture becomes an electrolyte. Before starting the test, the comb structure was 
rinsed with DI water. Then, the comb structure was inserted into the DI water 
electrolyte. The open circuit potential (OCP, the equilibrium potential of the whole 
system when the net current is zero) of the bare copper electrodes in DI water was 
0.05–0.08 V, relative to the Ag/AgCl reference electrode.  
A series of constant potentials, relative to the Ag/AgCl reference electrode (equal to 
DC voltage of 3.0 V to 4.4 V across the cell), were applied on the anode for 1 or 2 
minutes to initiate dendrites. If dendritic growth was detected, the DC potential lasted 
for no longer than 1 minute. After each potential application and 1 hour of relaxation 
at an open circuit, the impedances of anode dissolution and cathode deposition were 
sequentially measured by switching the working electrode to the anode and cathode, 
respectively, and applying EIS from 106 Hz to 0.1 Hz at a 5mV AC potential. Thus, 
Ag/AgCl Micro-
Reference Electrode
×× ××
××
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each impedance measurement included an anode impedance and a cathode 
impedance.  
 
  
Figure 2: The ECM process that occurred on the surface of the comb structure.  
 
After each EIS measurement, a DC bias was again applied on the cell, followed by 
another EIS measurement. Therefore, the DC bias and EIS measurement were applied 
sequentially to measure the reaction kinetics at the anode and cathode at different 
dendrite growth stages, until the dendrites finally touched the anode. Potentiodynamic 
polarizations over a potential range of 0–1.6 V at a scan rate of 5 mV/s were also 
applied on the anodes to investigate the anodic dissolution and the growth of dendrites 
on the cathode. Both the potentiodynamic polarization and EIS tests were recorded 
using a Solartron 1260/1287 Electrochemical Interface (Solartron Metrology, UK). 
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3.3 Equivalent Circuit 
The PCB comb structures can be represented by the equivalent circuit in Figure 3.  
 
Figure 3: The equivalent circuit of electrodes (anode or cathode) corresponding to 
Figure 2. Cc is the electrical capacitance of the electrodes, Cdl is the double layer 
charging capacitance, Rc is the ionic transport resistance, Rct is the charge transfer 
resistance, Zw is the Warburg diffusion resistance, Co is the capacitance associated 
with the OSP coating, and Ro is the resistance of the OSP coating.  
 
3.4 Results and Discussion 
The current responses of constant potentials and potential dynamic scans, the EIS 
spectra before and during dendritic growth, the cell parameters such as Cdl, Cc and Ro 
and the rate limiting step will be discussed. 
 
3.4.1 Current Response 
Different potentials (vs. Ag/AgCl reference) were applied on the anode to monitor the 
anodic dissolution and cathodic deposition. Figure 4 shows the anode current 
responses under potentiostatic charge at different potentials. The current density 
increased with potential in general, but when the applied potential reached 1.8 V, the 
current density initially increased, started to decrease after 12 seconds, and then 
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increased again. The current decrease after 12 seconds may have been caused by 
faster Cu oxidation than Cu2+ dissolution in electrolyte, forming a complex layer of 
CuO and Cu(OH)2 on the anode [112]. The Cu oxide layer separated Cu from the 
electrolyte, retarding the electrochemical oxidation rate until the Cu oxidation rate 
was equal to the dissolution rate. In an electrolyte with a relatively high concentration 
of bicarbonate (0.75 M) and carbonate (0.05 M), a layer of Cu(OH)2 and CuCO3 
forms at the anode [112]. But, in the DI water electrolyte in this study, a complete 
passivation layer of Cu reaction products at the anode was unlikely to form. Therefore, 
this short diffusive period was followed by a gradual increase in the current density, 
because the Cu2+ dissolution in the electrolyte kept enhancing the ionic conductivity 
of electrolyte with time. 
 
Figure 4: Current responses of the copper trace–DI water cell at different applied 
potentials.  
When dendrites did not touch the anode, the current density curve under potentiostatic 
charge was smooth and continuous. However, when a dendrite touched the anode, the 
current density showed a sudden jump followed by oscillations for an extended period, 
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as shown in Figures 5. The potential for initiation of dendrites varied depending on 
the concentration of Cu2+ in the electrolyte, where a higher Cu2+ concentration had a 
lower potential for dendrite initiation. A higher Cu2+ concentration resulted from 
applying a higher potential or extending the application time at a given potential. 
The dendritic growth could also be initiated by potentiodynamic polarization scans. 
Figure 6 shows the current responses of a fresh DI water cell under potentiodynamic 
scans. Dendrites did not form during the first four potentiodynamic polarization scans 
from 0.0v to 1.6V, but they initiated and touched the anode in the fifth scan, which 
was observed in situ by an optical microscope. 
 
Figure 5: Typical potentiostatic responses of the copper trace–DI water cell when 
dendrites started to grow. The current density jumped once dendrites touched the 
anode and then oscillated, as shown by these two typical DC applications.  
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Figure 6: Typical potentiodynamic polarization scans of the copper trace–DI water 
cell with (red and green) and without (blue) dendritic growth. The potential went from 
0 V to 1.6 V before returning to 0 V, and the scan rate was 5 mV/s. All potentials 
were applied with respect to the Ag/AgCl reference electrode. 
 
3.4.2 EIS Results before Dendritic Growth 
Fifteen series of impedance measurements were conducted after each constant 
potential or potentiodynamic polarization. A typical series of anode and cathode 
impedances after four successive potentiodynamic polarizations from 0.0V to 1.6V 
before dendrite formation are shown in Figures 7 and 8, respectively. The impedances 
of both the anode and the cathode consist of three overlapped semicircles. The 
depressed high-frequency-semicircle (106 Hz to around 8.5 KHz) corresponds to the 
ion transport across the OSP layer at the anode and cathode. The depressed medium-
frequency semicircle (8.5 KHz to around 40 Hz) corresponds to the charge transfer 
that is in parallel with the double-layer capacitance in the equivalent circuit (Figure 3). 
The first two semicircles’ impedances are overlapped and cannot be distinguished on 
the anode (Figure 7) due to the large impedance scale, but can be observed on the 
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cathode impedance (Figure 8). The low-frequency region (40 Hz to 0.01 Hz) 
corresponds to the limited diffusion of copper ions in the electrolyte solution, which is 
in series with the charge transfer resistance in the equivalent circuit (Figure 3). 
The diffusion impedance at the low frequency region decreased in both the z' and z" 
axes after each potentiodynamic polarization. The anodic diffusion impedance is 
proportional to the Warburg impedance coefficient (Equation 1), which is in an 
inverse relation (Equation 2) to the bulk concentration of electroactive species (Cu2+ 
in this case). So, as the copper dissolution proceeded, the copper ion concentration at 
the anode increased with time, resulting in a decrease of anodic diffusion impedance 
in both the z' and z" scales, as shown in Figure 7. Therefore, the diffusion semi-circle 
“shrunk” toward the origin as the dissolution proceeded. The anodic charge transfer 
resistance remained the same (Table 1), because copper dissolution in the beginning 
had not created a rougher surface, and thus, the effective surface area remained the 
same, as expressed in Equation 3.  
It was observed that the charge transfer resistance at the cathode remained almost the 
same, as shown in the cathodic impedance curve in Figure 9 and Table 1. The lack of 
change in cathodic charge transfer resistance was because the reaction at the cathode 
before dendritic growth (reduction of copper ions) was mainly the reduction of 
hydrogen ions. The reduction of hydrogen ions caused the effective surface area of the 
cathode to be time-independent. The cathodic diffusion resistance decreased 
appreciably by the increase of copper ion concentration. By fitting the experimental 
results to the equivalent circuit model (Figure 3), the parameters of the cell were 
extracted (Table 1) and are shown in Figure 9. The diffusion resistance at the anode 
dominated the cell kinetics before dendrite growth initiated. 
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where Z is the Warburg impedance, σ is the Warburg impedance coefficient, δ is the 
diffusion layer thickness, ω is the applied frequency, R is the gas constant, T is the 
temperature, Co* is the bulk concentration of oxidant, CR* is the bulk concentration of 
reductant, D is the diffusivity, A is the surface area of electrodes, n is the number of 
transferred electrons in the reaction, F is the Faraday constant, and k0 is the standard 
heterogeneous rate constant. 
 
 
Figure 7: A series of anode impedances in a Nyquist plot. Each was followed by a 
potentiodynamic scan from 0.0 V to 1.6 V before dendritic growth on the cathode. 
The solid curve is the fitted curve for anodic impedance I. The fitted parameters: σ 
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=2.5x106 Ohm (Hz)0.5, δ=0.06 mm, Cc=8.32x10-11 F.  Other fitted values are shown in 
Table 1. The copper ion diffusivity D=3.67x10-10 m2/s. 
 
Figure 8: A series of cathode impedances in a Nyquist plot. Each was followed by a 
potentiodynamic scan from 0.0 V to 1.6 V before dendritic growth.  
 
Table 1 Copper Trace–DI Water Cell Parameters before Dendritic Growth 
Impedance 
Measurement 
Stages 
Rc 
(Ohms) 
Rct_anode 
(Ohms) 
Rct_cathode 
(Ohms) 
Zw_anode 
(Ohms) 
Zw_cathode 
(Ohms) 
Cdl_anode 
(F) 
Cdl_cathode 
(F) 
I 39.4 1.1x105 3.0x104 1.1x107 1.2x106 3.0x10-9 3.9x10-9 
II 158.4 1.1x105 4.2x104 4.4x106 1.0x106 6.7x10-10 2.4x10-9 
III 148.2 1.0x105 4.0x104 3.8x106 7.3x105 9.8x10-10 6.4x10-9 
IV 94.2 1.3x105 3.7x104 4.4x106 6.0x105 1.3x10-9 2.0x10-9 
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Figure 9: Copper trace–DI water cell parameters before dendritic growth. 
 
3.4.3 EIS Results during Dendritic Growth 
Impedance measurements during dendritic growth were also conducted sequentially 
with potentiodynamic polarizations or constant potentials, from dendrite initiation 
until dendrites touched the anode. The anodic and cathodic impedances are shown in 
Figures 10 and 11, respectively.  
The impedance spectra during dendritic growth were processed using the same 
frequency region assignments and fittings as before dendritic growth. The cell 
parameters in three successive dendritic growth stages were extracted (Table 2) and 
are shown in Figure 12. After dendrites initiated, the charge transfer resistance 
decreased to about 55% at the anode. The reduced charge transfer resistance on the 
anode was because of the increased surface roughness due to the electrodissolution of 
copper with time. The small amount of variation of the charge transfer resistance on 
the cathode was due to the fact that, after dendrites initiated, the current in the cell 
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was more concentrated at the tip of dendrites, and the effective surface area at the tip 
of dendrites did not change significantly as the dendrites grew.  
The diffusion resistances at the anode and cathode also decreased. Because the anode 
was the source of copper ions and the cathode was the “sink” of the copper ions, when 
dendrites were growing, a concentration gradient of copper ions existed between the 
anode and the cathode. There were larger concentrations of copper ions closer to the 
anode. So, as dendrites grew toward the anode, the frontier of dendrites approached a 
region of “richer” copper ions, thus lowering the cathodic diffusive resistance based 
on Equations 1 and 2. The anodic diffusive resistance decreased because the anode 
surface roughened by continued metal dissolution and the increase in copper ion 
concentration at the anode.  
It was observed that the diffusion resistances were approximately one order of 
magnitude higher than the charge transfer resistances at both the anode and cathode. 
Thus, ion transport in the electrolyte was more difficult than charge transfer at 
electrodes. In addition, the anodic diffusion resistance was larger than the cathodic 
diffusion resistance, and so the anodic diffusion dominated the dendritic growth 
process. Since the growth of dendrites depends not only on the cathode overpotential, 
but also on the copper ion concentration at the cathode, the availability and 
sustainability of copper ions transported from the anode are substantial in maintaining 
the concentration at the cathode. Therefore, the anodic diffusion of copper ions into 
the bulk regulated the whole ECM process, thus rendering anodic diffusion the rate 
limiting step. A typical dendrite is shown in Figure 13. The cell parameters are shown 
in Figure 14. 
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Figure 10: Anodic impedance of copper trace–DI water cell during dendritic growth.  
 
3.4.4 Confirmation of Cdl and Cc 
Based on the literature [70][62], the double-layer charging capacitance, Cdl, and the 
capacitance of the copper traces, Cc, are 10-9 F and 10-11 F, respectively. The 
capacitances of copper traces in air and in DI water at room ambient conditions were 
measured using an Agilent 4263B LCR meter. The capacitances of copper traces (5 
pairs of anode–cathode in parallel) were 5.20x10-12 F in air and 1.65x10-8 F in DI 
water. This means that one pair of electrodes had capacitance values of 1.04x10-12 F 
in air and 3.3x10-9 F in DI water. When in air, the capacitance value 1.04x10-12 F was 
the Cc in air without the influence of Cdl. When in DI water, the capacitance value 
3.3x10-9 F was an overall capacitance value of Cdl and Cc in water in parallel (the sum 
of both). The Cc in water is 80 times the Cc in air because water’s relative permittivity 
is 80 in room ambient conditions, so the Cc in water was 8.32x10-11 F in this study in 
the same level with the fitted values. So, the Cdl dominated the obtained capacitance 
value: 3.3x10-9 F in water. Based on the experimental measurements, the Cdl was 10-9 
F in DI water, matching the fitted values (Tables 1 and 2). This suggests that it is 
correct to apply the equivalent circuit model (Figure 3) to ECM. 
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Figure 11: Cathodic impedance of copper trace–DI water cell during dendritic growth. 
Table 2 Copper Trace–DI Water Cell Parameters during Dendritic Growth 
Impedance 
Measurement 
Stages 
    Rc 
(Ohms) 
Rct_anode  
(Ohms) 
Rct_cathode  
(Ohms) 
Zw_anode 
 (Ohms) 
Zw_cathode  
(Ohms) 
Cdl_anode  
(F) 
Cdl _cathode 
(F) 
I 129.6 1.1x105 3.4x104 8.0x106 4.0x105 5.7x10-10 1.2x10-9 
II 145.8 8.3x104 2.8x104 1.7x106 3.3x105 2.2x10-9 3.1x10-9 
III 105.5 5.0x104 3.3x104 1.0x106 2.0x105 1.1x10-9 3.5x10-9 
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Figure 12: Copper trace–DI water cell parameters during dendritic growth. 
 
 
Figure 13: A typical dendrite grown after the alternate DC and AC applications. 
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Figure 14: Copper trace–DI water cell parameters before and during dendritic growth. 
Dendrites initiated at stage V and touched the anode at stage VII. 
 
3.4.5 Resistance to Transport through the OSP Layer 
The resistance of copper ion transport through the OSP layer, Ro, is estimated to be 
4x104 Ohms, based on Figures 7, 8, 10 and 11. Ro is close to Rct, but much smaller 
than Zw; this suggests that the OSP layer is not an effective barrier to retard the 
dissolution of copper ions. This is because, in the bulk of OSP, there is a gradient of 
copper ions which originates from the diffusion of copper ions from the copper traces 
[115], while on the OSP surface exposed to air there is a layer of native Cu2O that is a 
few nanometers thick and is prone to cracking [116]. Thus, copper ions can transport 
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through microcracks in the Cu2O layer and dissolve into the electrolyte. This also 
implies that EIS can be used to detect a coating’s effectiveness in preventing ECM. 
 
3.4.6 Discussion of the Rate Limiting Step 
The rate limiting step of an electrochemical cell depends on both electrode materials 
and electrolytes. In an AgNO3 (0.3~12%) and KNO3 electrolyte, it was found that the 
dendritic growth of Ag was controlled by both the spherical diffusion of Ag+ to the 
dendrite tip and the activation (charge transfer at the tip) [18]. But in zincate solutions 
(0.01~0.2 mol/L) before zinc dendrites initiated, the bulk diffusion dominated; but 
when zinc dendrites started to grow, activation (charge transfer) dominated [114]. 
This study demonstrates that in a DI water electrolyte, the cell resistances ranked as 
Zw_anode>Zw_cathode>Rct_anode> Ro >Rct_cathode>Rc before and during copper dendritic 
growth. This indicates that copper ion transport in the DI water electrolyte is more 
difficult than charge transfer at the anode or the tips of dendrites. This is because the 
lack of electroactive ions in the DI water initially resulted in a low conductivity 
electrolyte (compared to an electrolyte with electroactive ions and supporting salts); 
thus, the availability and sustainability of copper ions transported from the anode 
were substantial in triggering and maintaining the deposition at cathode (dendritic 
growth). So the diffusion of copper ions from the anode became the rate limiting step.  
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3.5 Conclusions 
Potentiostatic applications, potentiodynamic scans, and electrochemical impedance 
spectroscopy were employed to study the kinetics of metal dissolution and dendritic 
growth on PCBs in DI water electrolyte. For the entire ECM process (before and 
during dendrite growth), anodic diffusion was the rate limiting step. This suggests that 
measures to suppress dissolution, such as coatings on Cu at the anode, could decrease 
ECM propensity and short circuits effectively.  
This study also found that diffusion resistances decreased consistently with time 
during ECM with the exception of an abnormal increase in the anodic diffusive 
resistance due to the initiation of dendrites. But the traditional electrical current or 
SIR monitoring, as specified in IPC-TM-650 Method 2.6.14.1, detects an abnormal 
change of current or SIR only when dendrites touch the anode. This means the EIS is 
more sensitive than SIR monitoring in perceiving the physicochemical changes of the 
ECM process. Therefore, this study offers the electronics industry another option for 
how to detect dendritic growth by checking system impedances using EIS, in addition 
to the traditional current or SIR monitoring.  
EIS impedance spectra indicate that OSP cannot effectively retard the dissolution of 
copper ions and suppress ECM in DI water electrolyte, although it can protect bare 
copper from being oxidized in air. This implies that electronics may incur ECM when 
condensation occurs between copper traces finished with OSP. This also suggests that 
EIS can be used to detect a coating’s effectiveness to prevent ECM. 
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Finally, the identification of the anodic diffusion control and anodic charge transfer 
resistance values has helped to develop a physicochemical model of ECM to 
determine the concentration, flux density profiles, and time needed for dendrites to 
span the gap of electrodes on PCBs, which will be reported soon by the authors. 
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Chapter 4 
Analysis of the Kinetics of Electrochemical Migration on 
Printed Circuit Boards Using Nernst-Planck Transport 
Equation 
 
Abstract 
This study modeled the kinetics of electrochemical migration under condensed 
conditions between copper conductors on printed circuit boards using Nernst Planck 
equation and impedance measurement. The times to generate an embryonic dendrite 
at cathode and grow from cathode to anode were measured experimentally and 
modeled. It was found that by acquiring electro-active ion surface concentration at 
anode with the help of impedance measurement and by considering migration and 
diffusion in the bulk ion transport, the model matched the experimental results 
quantitatively. The model was also extended to non-condensing condition by 
comparing the conductance in bulk water and moisture films. Historical models were 
applied to the experimental results and compared with the model of this study. 
 
4.1 Introduction 
With the trend towards miniaturization and high density in electronics, an 
electrochemical phenomenon known as electrochemical migration (ECM) can occur 
on printed circuit boards (PCBs), when PCBs are exposed to moisture or condensed 
water drops with applied potential difference. ECM is divided into a few steps: path 
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formation, electrodissolution, ion transport, and electrodeposition [117]. Path 
formation refers to the adsorption of a continuous moisture film on the surface of 
substrates as a leakage path under non-condensing conditions. Under a condensing 
condition such as a water drop bridging gaps of metallizations, this step is not 
required. After path formation, metal from the anode, under an electric field, dissolves 
into the electrolyte, migrates through the electrolyte, and deposits on the cathode in a 
neutral form. Thus dendrites form and grow from the cathode toward the anode, 
which is the manifestation of electrodeposition on a macroscopic level. 
 
Because dendrite growth can lead to degradation of surface insulation resistance (SIR) 
and even short circuits when dendrites touch anode, ECM constitutes one failure 
mechanism in electronic products. This situation is exacerbated when products are 
designed to be smaller in that compacted designs shrink conductor spacings and 
increase the electrical field. Due to its disadvantageous effect, the modeling of time to 
failure (TTF) caused by ECM is of special interest in electronics. 
 
Barton and Bockris [118] provided the first quantitative model to describe dendrite 
growth speed with respect to overpotential and radius of growth tip. An optimum 
growth speed was derived based on the variation of tip radius. The growth speed was 
observed to be constant and have a linear or parabolic relation to overpotential 
depending on whether the exchange current approaches zero or infinity, respectively. 
The time from application of bias to initiation of embryonic dendrites, known as 
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incubation time, was just extrapolated by the length of dendrites after they grew. 
However, this method cannot be used to predict incubation time and cannot explain 
the physics in this period. 
 
Despic, et al [119][120], extended Barton and Bockris theory to the current density in 
the nonlinear region under activation and diffusion control, and considered multi-step 
electron discharge process. Diggle, et al [121] developed a model to extrapolate the 
incubation time, based on the initiation of zinc dendrites from rotation of screw 
dislocations, but this model only had qualitative match with experimental results, 
especially when zincate concentration approached a dilute solution. The propagation 
rate, assuming an activation control in the growth process, had a good match with 
experimental results. 
 
Popov, et al [122][123][124] extended the model for incubation time as a function of 
overpotential, bulk concentration and initial height of protrusion, based on the 
exponential dependence of surface roughening amplification on time in the dendrites 
initiation process. It was found after a certain limit, the incubation time has no 
dependence on overpotential anymore. 
 
Shyu [125] developed a model by considering ion transport (diffusion control only), 
activation and surface energy using interfacial instability and perturbation theory to 
describe the incubation and growth process. This model was able to determine the 
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critical overpotential as a function of exchange current density and the growth rate by 
assuming the tip radius to be paraboloid shape. However, the incubation time could 
not be quantitatively determined, and the fitting between the growth model and the 
experimental results from Diggle probably has to be improved due to the difficulty of 
measuring the exchange current density at that time. 
 
By considering diffusion and migration, Chazalviel [126] showed analytically and 
numerically the existence of space charge region in the vicinity of cathode due to the 
depletion of anions. A characteristic time (Sand time) for building up this space 
charge region can be an explanation of incubation and is probably close to incubation 
time. The dendrite growth speed is equal to the velocity of anions, proportional to 
anion mobility and electrical field in the neutral region. The pinpointing of space 
charge, constituted a milestone finding in this field. The growth rate was confirmed 
experimentally by Fleury, et al [127] in copper sulfate and copper acetate electrolytes, 
but not confirmed by Devos [128] in copper sulfate electrolyte added by oxalate ions. 
 
Fleury, et al [129][130][131][132] investigated the role of convection in the dendrite 
growth process and found that the space charge created electro-convective motions in 
the vicinity of dendrites, forming contra-rotative vortices between neighboring 
branches. With the increase of convection, the space charge size decreases. In a higher 
concentration binary electrolyte, the gravity-induced convection may also play a role 
[133], probably down to a 70 µm-thick cell [134]. Marshall, et al 
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[135][136][137][138][139] simulated the dendrite growth process using Nernst Planck 
equation (ion transport), Poisson equation (potential profile) and Navier-Stokes 
equation (hydrodynamic flow) and demonstrated the evolution of gravity induced 
convective tube and electro-convective rings, qualitatively matching the experimental 
results. These studies [129]-[139], have cast a deep insight into the role of convection 
in this process. 
 
By assuming migration control in the incubation period, Bradley [140] concluded that 
incubation time in spatially coupled bipolar electrodes (SCBE) is proportional to the 
gap distance between electrodes and the inverse of cation mobilities and electrical 
field. This was simulated by Marshall [141] in electrochemical deposition (ECD) and 
SCBE and provided qualitative agreement with experimental results. These studies, 
together with Chazalviel and Fleury’s work, clarified the role of cation mobility in 
incubation period and anion mobility in growth period. 
 
These studies have provided a strong background about dendrites initiation and 
growth, but there exist three differences between ECD in electrochemistry and ECM 
on electronics, which may limit the application of these theories to ECM. First, the 
ion transport media on electronics is adsorbed moisture film, or bulk water resulting 
from the condensation during thermal cycling conditions (power on and power off, 
transition from a hot environment to a cold environment, etc.). The thickness of ion 
transport media may constrict the influence of convection. Second, the ionic strength 
 86 
in the media is relatively low compared to ECD solutions which contain electroactive 
ions and possibly supporting electrolyte. Third, the electroactive ions (Cu2+, Zn2+, etc) 
are readily available for deposition in ECD, while there are no electroactive ions in 
the transport media prior to the application of potential difference in ECM. 
 
DiGiacomo [142] developed a model to consider the chances of condensation on 
substrate surfaces and describe the TTF as the ratio of circuit physical parameters to 
environmental stress conditions (temperature, humidity and potential difference). This 
model assumed dendritic growth is migration controlled and predicted the TTF is 
proportional to the inverse of voltage or square of voltage depending on the curve 
fitting of experimental results. Yang, et al [143], developed an overall regression 
model using environmental stress conditions. However, there is a lack of 
physicochemical model which can explain the physical processes and be used to 
predict the TTF of ECM on electronics. 
 
This study focuses on adjusting the theories on ECD and applying them to ECM 
under condensed conditions. Then the model developed is extended to non-
condensing conditions. Electrochemical impedance spectroscopy (EIS) is used to 
obtain charge transfer resistance Rct, which helps to calculate the surface 
concentration of electro-active ions at anode. Nernst Planck equations are used to 
model the ion transport and calculate the incubation time and growth time. Finally the 
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previous ECD models are applied to our experimental results and compared with the 
model of this study. 
 
4.2 Theoretical Model of Copper Ion Transport Time 
Figure 1 shows the different steps of the ECM process under the deionized water drop 
test. A failure is defined as the drastic current change from the initial current due to 
the abridgement of dendrites across the gap. The TTF is defined as the sum of 
incubation time and growth time. Incubation time is the time needed to initiate 
embryonic dendrites, which is the sum of ion dissolution, transport, and deposition 
time until a critical amount are deposited at cathode to be detectable. The growth time 
is the time from the appearance of embryonic dendrites, via propagation of dendrites, 
until abridgement of dendrites between anode and cathode. The ending of growth time 
is reflected in the current-time curve as a drastic change of current (end of zone 2 in 
Figure 11). 
 
Figure 1: Steps of transportation process for ECM under deionized water. 
Assume  is the binary electrolyte with a charge number z1, z2, respectively. 
Assume A is electroactive, and B is inert. Based on the Nernst-Planck equation and 
assuming convection does not dominate the process, 
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                                 (2) 
where J is the ionic flux density, D is the diffusivity, c is concentration, µ is the ionic 
mobility, F is Faraday’s constant, ϕ is the potential, and x is distance. “1” represents 
electroactive ions, and “2” represents inert ions. These two equations include 
diffusion and migration terms. Diffusion is driven by concentration gradient , 
while migration is driven by potential gradient . From the continuity equation 
in the absence of homogenous reaction in the solution, 
                                                         (3) 
it is obtained that 
                             (4) 
                             (5) 
where , (based on Einstein-Smoluchowski relation). Since 
, where cs is the salt concentration, from (4) and (5) one can get 
                                                         (6) 
where . Equation (6) describes the salt concentration as a function of 
time and space. It can be solved by the Laplace transformation with boundary 
conditions: 
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In practice the magnitude of the overpotential at cathode can be large enough to cause 
the surface concentration at cathode to be zero. By using Fourier series, the solution 
of (6) with boundary conditions (7), (8) and (9) is 
  
(10)
 
         (11)
 
where
 
                               (12) 
                               (13) 
                               (14) 
                               (15) 
and , are the overpotentials at the anode and cathode, respectively. 
 
If a=0, the solutions (10) and (11) become trivial. Under this case, an approximate 
solution when a=0 can be found to be 
                     (16) 
where cs0 is the surface concentration of electroactive ions at the anode and L is the 
gap length. 
 
From Equations (4), (5) and (6), 
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                       (17) 
By integrating both sides and using the boundary condition cs(L, 0)=0, it is obtained 
that 
                                (18) 
From Equation (1), it is obtained that 
            (19) 
which is the flux density profile of the electroactive ions. So Equations (10) and (11) 
are the concentration and flux density profile if the initial bulk concentration of 
electroactive ions a≠0; Equations (16) and (19) are the approximate concentration and 
flux density profile if the initial bulk concentration of electroactive ions a=0. 
 
Assume Cu2+ is the electroactive ion, the initial bulk concentration of Cu2+ is 0 mol/L, 
the surface concentration of Cu2+ at anode is 10-6 mol/L after the application of 
potential difference, L=0.635 mm, , 
, and . Then a simulation of the 
concentration profile in the copper electrodes-DI water system is shown in Figure 2. 
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Figure 2: A simulation of electroactive species concentration kinetics based on 
Equation (10). 
So it can be observed that as the ions transport from anode (left side) to cathode (right 
side) in Figure 1, it takes some time for the frontier of copper ions to reach the 
cathode. After 10,000 s, the Cu2+ ion profile finally becomes a straight line (star line). 
A simulation based on Equation (19) is shown in Figure 3. This indicates that during 
the non-stationary process, the flux density of electroactive ions across the gap is 
different: the closer to the anode, the higher the flux density. Until a sufficient amount 
of time passes (1000 s in this case, star line), the flux densities at different points 
across the gap become equal, and therefore the stationary state of the system is 
established. 
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Figure 3: The flux density profile of the electroactive ions assuming that Cu2+ is 
the electroactive ion, the initial bulk concentration is 0 mol/L, and the surface 
concentration at the anode is 10-6 mol/L. 
Based on Equation 19, the flux density at cathode (x=L) is 
                         (20) 
and a simulation is shown in Figure 4. The area below the curve is proportional to the 
cumulative amount of deposited embryonic dendrites at the cathode. 
Assume that the embryonic dendrites grow as small hemispheres with a radius of r; so 
until they reach critical dimensions, they cannot be detected. The minimum detectable 
dimension by human eyes is about 0.1 mm [144]. Since a magnification of 60 times 
was used for the optical microscope, the critical radius of embryonic dendrites is 
                      (21) 
Due to mass conservation, the flux density at cathode in a short period of time dt in a 
length of 2r should result in the growth of dendrites in a small radius dr, 
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By separating variables and integrating both sides, it was obtained that 
                             (23) 
 
Figure 4: The kinetics of the flux of the electroactive ions at cathode (x=L) and 
the time for embryonic dendrites to grow long enough to be detectable. Assume 
the electroactive species are copper ions, the initial bulk concentration is 0 mol/L 
and the anode surface concentration Cs0 is 10-6 mol/L. 
Then 
           (24) 
where M is the atomic weight of deposited metal, and ρ is the density of deposited 
metal. J1(t) is flux density, as given by Equation (20), so the time for the embryonic 
dendrites to grow and be detected, the incubation time t1, can be found by integrating 
J1(t) with time and equating it to the cumulative deposited amount with a critical 
radius of rcrit, the right side of Equation (24). This step was conducted by 
programming in Matlab and then simulated, as shown in Figure 4. Assume the anode 
MJ1(t)dt = πrρ0
rcrit∫0
t1∫ dr
J1(t) ⋅dt0
t1∫ = 2dr ⋅ρ /M0
rcrit∫ = 2ρ /M dr0
rcrit∫ = 2ρrcrit /M
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surface concentration, Cs0, of copper ions is 10-6 mol/L; then the time for embryonic 
dendrites to be detectable is 66 s. 
For the dendrite growth process, regardless of how complex the morphology of 
dendrites is, there is always a trunk of dendrites propagating toward and almost being 
perpendicular to the anode, so based on mass conservation, the propagated length dl 
in a time period dt bears the following 
                                  (25) 
where A is the cross sectional area of dendrites. Then 
                                   (26) 
where is the dendrite growth speed, which depends on the ionic flux density. So 
                          (27) 
where t2 is the time at which dendrites touch anode, so t2-t1 is the growth time. Since 
J1 is already given in Equation (19), t2-t1 can be obtained through integration, similar 
to the way to calculate t1 from Equation (24). So Equations (24) and (27) are the 
schemes to describe and numerically acquire incubation time and growth time, 
respectively. The difference lies in that for incubation time, the flux density profile 
changes with time, as specified by Equation (20), while for growth time, the flux 
density profile changes with time and space, as specified by Equation (19). 
 
In order to resolve the surface concentration of electroactive ions at anode, it is 
assumed that charge transfer rate is so fast that Nernst equation holds, so 
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                 (28) 
 
                          (29) 
where is the measured potential of anode relative to Ag/AgCl reference 
electrode, is the potential difference between Ag/AgCl reference 
electrode relative to standard hydrogen electrode, I is current, Rct_anode is the charge 
transfer resistance at anode, is the potential consumed in charge transfer at 
anode-electrolyte interface, is the standard hydrogen electrode potential, is the 
anode surface concentration of electroactive ions. So Equation 28 describes the 
relation between the surface concentration of electroactive ions, current, charge 
transfer resistance, and measured anode potential if a local equilibrium at anode can 
be built up. Equation 29 is used to calculate the surface concentration of electroactive 
ions at anode. 
For the non-condensing condition, an approximation will be used. Since the ion 
transport media is an adsorbed moisture film, convection does not have to be 
considered. If we assume migration is the major transport mode and ignore diffusion, 
based on the relation between conductance and ionic mobility, 
G = I
U
=
Af
L
kI =
Af
L
e0LA (γ1z1c1µ1 +γ2z2c2µ2 )               (30) 
where G is conductance, I is electrical current, Af is cross sectional area of adsorbed 
moisture film or bulk water, kI is conductivity, LA is Avagadro’s constant, e0 is the  
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Table 1 A Summary of Models for Dendrites Incubation and Growth 
 Incubation Growth Comments 
Chazalviel   Sand time, based on 
anion mobility 
Bradley   Based on cation mobility 
Barton and 
Bockris 
  The equation when 
exchange current density 
i0 is low. When i0 is high, 
the equation does not 
apply to the scenario 
when initial bulk Cu2+ 
concentration is zero. Vm 
is molar volume. 
Fleury   Based on anion mobility 
This study 
 
Equations 20, 24, 
29 
Equations 19, 27, 
29 
Bulk water electrolyte as 
ion transport media 
Equations 20, 24, 
29, 32 
Equations 19, 27, 
29, 32 
Adsorbed moisture film 
as ion transport media 
unit electron charge. If we also assume the cation mobility and anion mobility change 
in the same way, it can be obtained that 
G∝ kI ∝µ∝D                                    (31) 
so the ionic diffusivities in the adsorbed moisture film and in the bulk water are 
Ds_ film =
Gfilm
Gbulk
Ds_bulk                              (32) 
τ s = πD(
kI
2Jµa
)2
tincubation =
L
µcE
tgrowth =
LRT
i0Vmη
tgrowth =
L
µaE
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The ionic diffusivity in the adsorbed moisture film is calculated to be 3~4 orders of 
magnitude lower than the ionic diffusivity in the bulk water, based on conductance 
comparisons. Other parameters remain the same. Table 1 shows a summary of the 
models. 
 
4.3 Experimental Results and Discussions 
IPC B-25 multi-purpose test boards were used. The copper traces on the board have 
different spacings, 0.318 mm (12.5 mil), 0.635 mm (25 mil) and 1.27 mm (50 mil). 
The substrate was FR-4, a flame retardant resin epoxy composites reinforced by glass 
fibers. OSP finish was applied onto copper traces to prevent the oxidation of copper. 
In order to avoid the influences of other types of ions, 18.2-MOhm deionized water 
drops without supporting electrolyte were used as the electrolyte. The volume of 
water drops spanning copper metallizations was controlled with an AccuPet Pro 
pipette at 30 µL to maintain test repeatability. The environmental temperature was 
18˚C. An optical microscope with 60 times magnification was used to monitor the 
dendrite growth. Potential differences across the gap were applied from 0.5 V to 5 V, 
with 0.5 V as the incremental step. The anodic potential was measured in-situ by a 
multi-meter with respect to Ag/AgCl reference electrode, shown in Figure 8. Currents 
were measured at 5 Hz by HP 34401A digital multimeter, which has a resolution of 
0.1 µA. The experiments were repeated for 3~5 times for a given potential difference 
and spacing. 
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By inserting the tip (2 mm diameter) of micro-reference electrode into the water drop 
and not touching any copper trace, the anode and cathode potentials were measured. 
The equilibrium potentials at anode and cathode when the net current was zero ranged 
from -5 mV to 10 mV in general. A typical potential-time curve is shown in Figure 9. 
After the gap potential difference was applied, the anode and cathode potentials 
approached a plateau with time. Since the cathodic potential was quite negative, 
cathodic overpotential was so large that the Cu2+ surface concentration at cathode was 
practically zero. The anode potential was used to determine the surface concentration 
at anode. The anode potential increased with gap potential difference in general 
(Figure 10), with the averages being 22% of gap potential differences. 
In order to obtain the surface concentration of Cu2+ at anode, the charge transfer 
resistance at anode was measured using Solartron 1287 electrochemical impedance 
spectroscopy (EIS). EIS measurement was performed independently from water drop 
testing with identical samples. The frequency ranged from 1 Hz to 106 Hz. 
 
Figure 8: The tip of micro-reference electrode immersed in the water drop. Only the 
central pair of copper traces was powered. 
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Figure 9: A typical anode potential curve with time when the gap potential difference 
was 0.5 V. 
 
Figure 10: Anode potentials with respect to gap potential differences when the gap 
was 0.635 mm. 
The current was almost constant during the incubation time and growth time. The 
initiation and growth of dendrites only caused small variations to the current. Each 
time one dendrite touched anode, the current jumped to a higher plateau, suggesting 
the addition of a new parallel resistor between the gap. As shown in Figure 11, zone 1 
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is the incubation period from application of bias to appearance of embryonic dendrite, 
zone 2 is the growth period from dendrite initiation until the first dendrite touched 
anode, and zone 3 is the period when successive dendrites touched anode one after 
another. Zone 4 corresponds to the removal of potential difference across the gap. 
Figure 12 shows some typical dendrites touching anode. The reason why “touching” 
did not short the circuit is because the resistances of dendrites themselves range from 
a few KOhms to a couple of hundred Kohms [145]. Figure 13 shows the current 
averages with respect to gap potential differences. 
 
Figure 11: A typical current response with a 3.5 V potential difference across a 0.635 
mm gap. Incubation time was 20 s and growth time was 56 s. The TTF was 76 s. 
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Figure 12: Typical dendrites abridged the gap. 
 
Figure 13: Cell current averages with respect to gap voltages. 
 
By connecting the anode, cathode and reference electrode of the water drop testing 
setup to the corresponding electrodes of EIS, the anodic impedance was measured. 
Because the charge transfer resistance Rct is the parameter of interest and it most 
likely corresponds to the high frequency region, the frequency was applied from 1 Hz 
to 105 Hz while omitting the time-consuming low frequency region (1 Hz~0.001 Hz). 
- + 
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In general the Rct is independent of spacings and location of water drops on the comb 
structure. Table 2 shows the Rct. A more detailed study on ECM kinetics using EIS is 
submitted elsewhere. 
Table 2: Charge Transfer Resistances Rct 
Gap 
(mm) 
0.635 0.317 
Rct 
(Ohm) 
12500 20000 
15000 37500 
20000  
23000  
37500  
Average 
(Ohm) 
21600 28750 
 
By applying anode potential, current and charge transfer resistance to Equation 29, the 
Cu2+ surface concentration at anode can be calculated. Averaged potentials and 
currents before dendrite abridging the gap were used. Taking Figure 11 as an 
example, the average potentials and currents in the first 76s (zone 1 and zone 2) were 
used. Then Cu2+ surface concentration is applied to Equation 20 to obtain the ionic 
flux at cathode, which is applied to Equation 24 and calculate the incubation time. So 
Equations 20, 24, and 29 constitute the modeling to acquire incubation time by taking 
into account both diffusion and migration effects. Figure 15 shows the comparison 
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between experimental, theoretical average incubation times and application of two 
historical models to the experimental results of this study. 
 
 
Figure 14: A typical anode impedance in Nyquist plot of EIS measurement data. The 
frequency ranged from 1 Hz to 105 Hz. The charge transfer resistance was 1.25x104 
Ohms that is the crossing point between first imaginary semi-circle and x-axis. 
 
It can be seen that Chazalviel and Devos’s model shows similar trend in matching up 
our experimental results, but it is still less accurate than our model, especially when 
the gap potential difference is less than 4V. Bradley and Marshall’s model catches the 
general trend of experimental results, but seems to predict the TTFs much faster than 
the experimental times. This is probably due to their assumption of migration control 
only in the incubation period. However, diffusion and migration always exist at the 
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same time in the incubation period, since the concentration gradient and electrical 
field always co-exist. 
 
Figure 15: Comparison between theoretical and experimental incubation time. 
 
Similarly, by applying Equations 19, 27, 29, the growth time can be calculated. Figure 
16 shows the comparison between the experimental, theoretical average growth times 
and application of two historical models to the experimental results of this study. It 
can be seen that Barton and Bockris’s model deviates from our experimental results 
by 3~4 orders of magnitude, which is probably caused by the electrolyte difference. 
Barton and Bockris used NaNO3 and KNO3 supporting electrolyte together with 
AgNO3 to grow Ag deposits. The existence of Ag+ prior to application of potential 
difference renders the cell under a mixed control (charge transfer and ion transport) at 
cathode, while the DI water electrolyte in this study does not have any supporting 
electrolyte and electroactive ions (Cu2+) prior to application of potential difference, so 
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the whole cell is regulated by the thermodynamics at anode boundary and controlled 
by migration and diffusion in the ion transport process. 
 
Fleury’s model shows a difference of 2~3 orders of magnitude from our experimental 
results. Fleury claimed that growth speed is proportional to anion mobility and 
electrical field. A dendrite’s growth speed is accompanied by the dendrite’s pushing 
away anions toward anode and piling them up in an increasing concentration gradient 
toward anode. This assumption was confirmed experimentally in copper sulfate and 
acetate solutions [127]. However, in a DI water electrolyte, the major anion is OH-, if 
the influences from other exterior ions such as bicarbonate are excluded. The mobility 
of OH- is much higher than Cl-, SO42-, or NO3- due to a different transport mechanism. 
Anions like Cl-, SO42-, or NO3- physically transport from cathode toward anode, but 
the movement of OH- is caused by tunneling of protons (H+) and reorientation of 
water molecules in a direction favored by electrical field. It is not the movement of 
the very OH- ion that transports from cathode to anode, but the tunneling of a proton 
through reorientation of water molecules from anode toward cathode that leaves 
behind another OH- at anode [146]. So OH- does not physically transport from cathode 
to anode. This is perhaps the reason why Fleury’s model does not apply to our DI 
water electrolyte case. Figure 17 shows the comparison among our theoretical and 
experimental overall TTF which is the sum of incubation and growth time. Figure 18 
is the comparison between overall theoretical and experimental TTF by fixing the gap 
potential difference but varying gap distances. 
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Figure 16: Comparison between theoretical and experimental growth time. 
From Figure 17, it can be seen that a higher potential difference does not necessarily 
result in a shorter TTF, especially when the potential difference is above 4 V. The 
reason is because a higher potential difference generates a higher concentration at 
anode, which results in lower ion mobility, although the electrical driving force is 
higher. Also at a higher potential difference, such as above 4 V, the chances to 
generate air bubbles at cathode increase, which may partially block the surface of 
cathode, lowering the chances to grow dendrites and increasing the growth time. So 
this implies industrial standards concerning the water drop test do not necessarily 
need to use a harsh potential difference to reduce TTF. The IPC-TM-650, 2.6.13, 
“Assessment of Susceptibility to Metallic Dendritic Growth: Uncoated Printed 
Wiring”, for example, discusses applying 15 V potential difference to copper 
metallizations with a DI water drop spanning a spacing of 15~30 mils.  The ionic 
mobility decline with concentration and the oxygen bubble generation at cathode can 
0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
10ï1
100
101
102
103
104
105
106
107
Voltage (V)
Ti
m
e 
(s
)
Barton and Bockris
Fleury
t growth theoretical t growth experimental
 107 
seriously decelerate the TTF, which probably makes a 15 V unnecessary and leads to 
unrepresentative results.  
 
Also from Figure 17, we can see that the predicted curve is above the experimental 
results, which means the actual TTF is shorter than predicted TTF. The reason is 
probably because in the low potential difference region (<1.5 V), the exchange current 
density is lower than that in high potential difference region, the quasi-equilibrium 
cannot be built up, which makes Nernst equation not that feasible anymore. So the 
predicted TTF deviates from the experimental results more appreciably in low 
potential difference region than in high potential difference region.  
 
Figure 17: Comparison between overall theoretical and experimental TTF. 
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Figure 18: Comparison between overall theoretical and experimental TTF by varying 
gap distances. 
In parallel to the water drop testing, identical comb structures were exposed to a non-
condensing condition: 65C and 88% relative humidity with a 40 V potential 
difference applied across the gap. The test lasted for 1653 hours. In order to define the 
migration path, the residue of soldering flux (a chemical agent to help soldering on 
electronics) existed between electrodes before testing. Succinic organic acids were 
identified in the soldering flux residue to be 29 µg/in2 by Ion Chromatography 
analysis. Due to the hygroscopic nature of soldering fluxes, a moisture film was 
preferentially formed where the flux residue was present. As shown in Figure 19, 
black copper dendrites formed at places bearing flux residues before the test. Since 
this was a non-condensing condition, the mobilities of Cu2+ and succinate ions were 
used to calculate the overall salt diffusivity inside the adsorbed moisture film using 
Equation 32. Table 3 shows the overall calculated diffusivities of Cu2+ cations with 
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hydroxide or succinate anions. Table 4 shows the TTFs of the test samples. The 
comparisons between theoretical and experimental TTFs indicate a general qualitative 
match, as shown in Figure 20. 
 
  
(a)                            (b) 
Figure 19: A 0.635 mm comb structure exposed to 40V/65C/88%RH, (a): before test, 
(b): after test. 
 
Table 3 Overall Calculated Diffusivities of Cu2+ Cations with Hydroxide or Succinate 
Anions 
 Conductance in 
bulk water (S)* 
Conductance in 
moisture film (S)* 
Overall Ds in 
bulk water (m2/s) 
Overall Ds in 
moisture film (m2/s) 
Cu(C4H4O4) 8.84x10-6 2.50x10-10 3.84x10-10 1.09x10-14 
Cu(OH)2   9.88x10-10 2.79x10-14 
* Based on the overall average values from bulk water and moisture film conductance 
measurements on comb structures. 
 
 
Flux residue  Copper dendrites 
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Table 4 Times to Failure Results of Non-condensing Environmental Test 
Potential 
Difference 
(V) 
Spacing 
(mm) 
Time to Failure (hours) 
Sample 1 Sample 2 Sample 3    
40 0.635 Survived 188.9 Survived 
0.317 73.8 104.4 67.2 
 
In general, the morphology is related to potential gradient. The potential gradient has 
to exceed a threshold value in order to trigger the growth of dendrites. Lower than the 
threshold value, layer deposition or powder deposition may result. A lower potential 
gradient results in a more random like fractal structure, while a higher potential 
gradient results in a more dendrite like structure with a preferential growth direction. 
Here the potential gradient controls the direction of dendrites, subjecting the growth 
to anisotropy instead of random noise. The higher the potential gradient, the more 
slim the dendrite looks, having a single trunk. The lower the potential gradient, the 
more stout or shrub like the dendrite is, lacking a single trunk. Based on Chazalviel, 
Fleury and Marshall’s theories and simulations, the major potential drop is close to 
cathode. The potential gradient is little if close to anode, but steep and large if close to 
cathode. The closer to cathode (the farther to anode), the steeper the potential gradient 
is. This is why at cathode the potential gradient triggers the instabilities of deposition 
(thus growth of dendrites) and allows the dendrites to grow with it (toward anode). 
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Figure 20: Comparison between overall theoretical and experimental TTFs in 
65C/88%RH non-condensing condition. At 0.635 mm (25 mil) spacing, 2 samples 
survived the test while one sample failed at 188.9 hours. 
 
4.4 Conclusions 
To determine the overall failure times of biased PCB metallizations under condensed 
conditions, this study develops a physico-chemical model to characterize ECM 
process by adopting Nernst-Planck equation and electrochemical impedance 
measurement. Nernst Planck equation takes into account the diffusion and migration 
for ECM, while impedance measurement helps to determine the surface concentration 
and ionic flux of electroactive ions, thus uncovering the evolution of system flux 
profile during initiation and growth of dendrites. 
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Generally speaking, the model provided in this study is successful in determining and 
predicting the overall time to failure of copper electrodes-deionized water cell. The 
comparison between this model and historical models demonstrates that this model is 
better in the reign of DI water electrolytes. The reason is probably because when a 
bulk electrolyte forms on the relatively clean surface of PCBs, the absence of 
electroactive ions and supporting electrolyte prior to application of potential 
difference, renders the cell to be controlled by diffusion and migration in the 
electrolyte. The low concentration of electroactive ions, probably does not incur 
convection in a short time period, especially gravity induced convection. When an 
adsorbed moisture film becomes the ion transport medium, diffusion and migration 
dominate the cell without the influence of convection. However, our model can only 
provide a general qualitative match with experimental results in the adsorbed moisture 
film scenario. Due to the complex nature of electrochemical reactions at electrodes 
and the multi-driving forces in the transport media (diffusion, migration and 
convection), a model taking into account the controlling processes both at boundaries 
and in the transport media could have better accuracy than the ones only considering 
control process in the transport media. 
 
Another feature of this model is to combine the time domain parameters-anode 
potential and cell current with the frequency domain parameter-charge transfer 
resistance. The advantage is that this method enables the thermodynamics at 
boundaries and kinetics in the bulk electrolyte to be considered together, but the 
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limitation is that the charge transfer resistance is not an in-situ measured parameter 
and may vary with time, thus compromising the accuracy of predicting time to failure, 
a time domain parameter. Thus a better model in future can be an in-situ measurement 
over parameters associated electrochemical reactions at interfaces and adopt them into 
ion transport kinetics. 
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Chapter 5 
Conclusions and Future Work 
 
5.1 Lead Free Solder ECM Propensity 
IPC-B-24 comb patterns have been tested under THB conditions to evaluate the 
propensity of eutectic SnPb and lead free SAC solder to undergo ECM, and to 
assess the effects of board finish, electric field and spacing. A clear relationship 
between the electrochemical behavior and electrical behavior of different solders 
was established. The dendritic growth on the surface led to intermittent SIR drops, 
metal layer deposition resulted in a long term SIR decline, and the consumption of 
electroactive species generated the initial SIR increase right after humidity exposure, 
a characteristic of a diffusion-controlled cell. A model based on 3-D progressive 
and instantaneous nucleation was used to simulate the long term SIR decline and it 
matched the experimental data. The similarities between the simulation and 
experimental data indicate that both types of nucleation had occurred. 
This study shows that SAC solder can exhibit failures under THB conditions if there 
is a long-term incompatibility between the fluxes and solder systems. The failure 
mechanism for the SAC boards, the deposition of metallic layers, was different from 
the dendritic growth often encountered on SnPb boards. The long-term deposition of 
metallic layers on the SAC boards necessitates the careful selection and evaluation 
of flux and solder systems to ensure their long-term compatibilities.  The SIR results 
obtained with SAC solder demonstrate that THB tests of 500 hours or longer may 
be required to uncover reliability risks. SIR may exhibit a rising trend in the first 
100-200 hours and give the impression of stabilization, whereas additional testing 
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may reveal problems that could threaten the reliability of electronic products which 
have long expected lifetimes. 
 
A co-migration and co-deposition of Sn, Pb, and Cu on the SnPb board and Sn, Cu, 
and Ag on the SAC board was observed. The co-deposition of these metals was due 
to their low deposition potentials, which were in the milli-volt range, compared to 
the 5 V or 40 V applied bias. Although it has been argued by some researchers that 
Ag cannot migrate at room temperature due to its formation of intermetallic 
compounds, a small amount of Ag migration was observed in some samples in this 
study on SAC boards. Among the migrated species, Sn was predominant and 
manifested itself as layer deposits, Pb was predominant in the dendrites, while only 
a small proportion of the migrated metal was Cu. The occurrence of dendrites on 
SnPb boards tested at 40 V rather than at 5 V was attributed to the larger chance for 
the cathodic overpotential to exceed the critical cathodic overpotential and trigger 
dendritic growth under conditions of higher electrical stress.  
The occurrence of ECM was influenced less by surface finish than it was by solder 
alloy.  In the case of OSP this was attributed to the complexation of OSP during 
THB testing, which resulted in a non-detrimental green residue.  In the case of 
HASL, the soldering process caused the HASL finish to dissolve into the solder, 
resulting in a final composition that was not sufficiently different from the nominal 
solder alloy composition to change its propensity for ECM compared to the OSP 
samples.  
There was interaction between electric field and conductor spacing with respect to 
ECM. Within a spacing range from 12.5 mil (0.32 mm) to 25 mil (0.64 mm), when 
the electric field was relatively low (less than 1.6 V/mil), spacing was a stronger 
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factor than electric field in affecting ECM. When the electric field was relatively 
high (larger than 1.6 V/mil), electric field had comparable influence with spacing on 
ECM. With the current trend in the electronics industry towards miniaturization, 
higher density products would be expected to have greater risk of ECM overall, and 
to exhibit greater sensitivity to spacing than electric field. ECM’s larger sensitivity 
to spacing implies that only lessening the electric field may not be sufficient to 
mitigate risk, and additional measures are needed to effectively suppress ECM.  
 
5.2 Rate Limiting Step and Cell Kinetics 
Potentiostatic applications, potentiodynamic scans, and electrochemical impedance 
spectroscopy were employed to study the kinetics of metal dissolution and dendritic 
growth on PCBs in DI water electrolyte. For the entire ECM process (before and 
during dendrite growth), anodic diffusion was the rate limiting step. This suggests 
that measures to suppress dissolution, such as coatings on Cu at the anode, could 
decrease ECM propensity and short circuits effectively.  
This study also found that diffusion resistances decreased consistently with time 
during ECM with the exception of an abnormal increase in the anodic diffusive 
resistance due to the initiation of dendrites. But the traditional electrical current or 
SIR monitoring, as specified in IPC-TM-650 Method 2.6.14.1, detects an abnormal 
change of current or SIR only when dendrites touch the anode. This means the EIS 
is more sensitive than SIR monitoring in perceiving the physicochemical changes of 
the ECM process. Therefore, this study offers the electronics industry another 
option for how to detect dendritic growth by checking system impedances using EIS, 
in addition to the traditional current or SIR monitoring.  
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EIS impedance spectra indicate that OSP cannot effectively retard the dissolution of 
copper ions and suppress ECM in DI water electrolyte, although it can protect bare 
copper from being oxidized in air. This implies that electronics may incur ECM 
when condensation occurs between copper traces finished with OSP. This also 
suggests that EIS can be used to detect a coating’s effectiveness to prevent ECM. 
Finally, the identification of the anodic diffusion control and anodic charge transfer 
resistance values has helped to develop a physicochemical model of ECM to 
determine the concentration, flux density profiles, and time needed for dendrites to 
span the gap of electrodes on PCBs, which will be reported soon by the authors. 
 
5.3 Physicochemical Model Development 
To determine the overall failure time of biased PCB metallizations under condensed 
conditions, this study built a physico-chemical model to characterize the ECM 
process by adopting the Nernst-Planck equation and electrochemical impedance 
measurement. The Nernst-Planck equation takes into account the thermodynamic 
driving force (diffusion and migration in this case) for ion transport, while 
impedance measurement determines the electroactive ion concentration at the anode 
surface, thus uncovering the evolvement of the system flux density profile during 
initiation and propagation of dendrites.  
The model provided in this study was successful in determining and predicting the 
overall time to failure of a copper electrodes-deionized water cell. A comparison 
between this model and historical models demonstrates that this model is better in 
matching the experimental results under DI water condition quantitatively. In the 
dendrite initiation period, Chazalviel’s model shows similar matching to 
experimental results, but is still less accurate than the developed model. Other 
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models are far away from the experimental results of this study. The reason is 
because this model considers not only the charge transfer process at electrodes, but 
also the ion transport in the electrolyte, while the previous models always consider 
only the ion transport process. Barton and Bockris focused on diffusion control in 
the growth process, Bradley and Marshall assumed migration control in the 
initiation process, and Fleury assumed migration control in the growth process. Due 
to the complex nature of electrochemical reactions at the electrodes and the multi-
driving forces in the ion transport (diffusion, migration and convection), a model 
taking into account the controlling processes both at the boundaries and in the bulk 
electrolyte can have better accuracy than the models that only consider the control 
process in the electrolyte.           
The most distinct feature of this model is to combine the time domain parameters-
anodic potential and cell current- with the frequency domain parameter-charge 
transfer resistance. The advantage is that this method enables the thermodynamics at 
boundaries and kinetics in the bulk electrolyte to be considered together, but the 
limitation is that charge transfer resistance is not an in-situ parameter and may vary 
with time, thus compromising the accuracy of predicting time to failure, a time 
domain parameter. Therefore, a future model can be an in-situ measurement over 
parameters associated with electrochemical reactions at interfaces and fit them into 
ion transport kinetics. 
 
5.4 Future Work 
The model developed in this study addresses the certainty about the TTF due to 
electrical stress and circuit geometrical feature, however, it does not address the 
randomness associated with the ECM. The theoretical curves by the model can 
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predict the averaged experimental times, but cannot predict the spread of 
experimental TTFs at each electrical stress condition due to the randomness of the 
experimental conditions, the possible unknown surface defects, the uncertainty 
associated with the dendrite growth process, etc. The randomness of growth 
process, has been addressed in the dielectric breakdown model (DBM) as a function 
of probability for a certain location on the dendrite tip to attract ions to deposit. In 
Marshall’s simulation of dendrite growth process, this has been demonstrated. So, 
one future work can be to incorporate the randomness of growth process and 
simulate it in some way (such as Monte Carlo) and generate the min, max and 
standard deviations of TTFs at each electrical stress or spacing. So the future curve 
of TTFs will be a middle curve (certainty) with a shell of min and max curves 
(randomness). 
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